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New Experimental Observations in the Collision-Induced 
Infrared Spectra of Molecular Hydrogen 
ABSTRACT 
This work describes several new experimental observations made by the 
author in the collision-induced infrared absorption spectra of molecular 
hydrogen at liquid nitrogen and room temperatures for densities up to 
660 amagat. The experiments were carried out with a 2 m low-temperature 
high-pressure absorption cell of the transmission type. The spectral 
-1 
region investigated extends from 3500 to 10,000 em . 
Collision-induced vibration-rotation U transitions (~J = +4) of the 
hydrogen molecule in its fundamental band have been observed for the pure 
gas at 77 K for densities in the range 430 - 660 amagat and for the binary 
mixtures, hydrogen-xenon, and hydrogen-krypton at 298 K for total gas 
de nsities ~ 450 amagat. The high frequency tail of the quadrupolar S 
transitions which overlaps the U transitions has been separated from the 
experimental profiles by the method of profile analysis. The spectrum of 
the U transitions is interpreted in terms of the hexadecapolar induction 
mechanism. From the experimental integrated binary absorption coefficients 
of the U transitions, appropriate values of the hexadecapole moment matrix 
elements of the hydrogen molecule are derived. 
Spectra of the collision-induced first overtone band of hydrogen in 
binary mixtures with krypton and xenon at 298 K for densities up to ~ 450 
amagat have been recorded for the first time. From an analysis of the 
profiles of the enhancement of absorption, the frequency shifts ~v and 
0 
-v-
the half-widths 8 have been determined. Unusual occurrence of some H2 
double transitions was observed. The observed frequency shifts of the 
quadrupolar lines are negative and level offat high densities, qualita-
tively in the same way, but with larger shifts, as those observed in the 
fundamental. The observed half-widths of the quadrupolar lines were 
found to increase with the density of the inert gas, and to be quite 
sensitive to the base density of the hydrogen. Both observed line-shifts 
and half-widths are expected to have larger values than the true ones 
because of overlapping double transitions obscuring the single transition 
lines. 
During the above mentioned experiments with hydrogen, it was observed 
-1 
that especially in the spectral region 6800 - 7400 em more light reached 
the detector with compressed hydrogen in the cell than when the cell was 
evacuated. The spectral profiles of this phenomenon in the region 6800 -
7400 cm-l and their density dependence have been determined and it is 
speculated that upper states are populated by collision-induced absorption 
in the region of the first overtone and the subsequent radiative emission 
transitions follow the same selection rules that are known for collision-
induced absorption. 
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CHAPTER 1 
Introduction 
Isolated homonuclear diatomic molecules, like hydrogen, in their 
electronic ground states have no permanent electric dipole moment on 
account of the symmetry of their charge configurations. Consequently, 
unlike polar molecules, they have no electric dipole absorption at their 
rotational or vibrational frequencies. However, an electric dipole 
moment is induced in two or more colliding molecules by intermolecular 
forces because of an ~symmetric distortion of the electron charge 
configurationduring collisions. This induced dipole moment is modulated 
by the rotation, vibration, and relative translational motion of the 
colliding molecules and causes the phenomenon of collision-induced 
absorption in which normally forbidden transitions occur. Collision-
induced absorption was first observed in compressed oxygen and nitrogen 
by Crawford, Welsh, and Locke (1949) in the .regions of their fundamental 
vibrational frequencies. In general, collision-induced spectra are broad 
and diffuse because the duration of the induced dipole is very short. 
The present thesis reports on studies carried out in the following 
areas of the collision-induced infrared spectra of molecular hydrogen: 
(i) new rotational transitions ~J = 4 in the fundamental region of 
H2 in the pure gas at 77 k and in H2 - Kr and H2 - Xe binary mixtures 
at 298 K, (ii) the infrared first overtone band of H2 in H2 - Kr 
and H2 - Xe binary mixtures at 298 K, and (iii) apparent collision-
-2-
induced emission in hydrogen, especially in the region 6800 to 7300 cm- 1 
A brief account of the collision-induced absorption of hydrogen will be 
presented in the following paragraphs with emphasis on the aspects 
having considerable bearing on the work presented in this thesis. 
Since the discovery of collision-induced infrared absorption, the 
induced fundamental band of gaseous hydrogen has been the subject of 
numerous studies under a variety of experimental conditions. The 
reasons for the greatest interest in the study of the spectra of hydrogen 
are many: the H2 molecule is the simplest of all diatomic molecules; it 
can be treated more rigorously by theoretical calculations; various 
rotational component bands are somewhat separated in spite of their 
broad and diffuse nature because of its small moment of inertia. Thus 
the collision-induced spectra of hydrogen have been instrumental in 
understanding the process involved and in verifying the results of the 
theoretical studies. The collision-induced fundamental band of gaseous 
hydrogen, first observed by Welsh, Crawford, and Locke (1949) has been 
extensively studied in the last 25 years in pure H2 and in binary mixtures 
of H2 with He, Ne, Ar, Kr, Xe, N2 and 0 2 under wide ranges of pressures 
and temperatures. An exhaustive list of references on this work is 
readily obtained from a recent excellent review paper by Welsh (1972) on 
collision-induced absorption of hydrogen. The attention of the reader 
is also drawn to the following more recent references from our laboratory 
on the fundamental band of hydrogen: Varghese, Ghosh and Reddy (1972) 
and Reddy and Chang (1973). 
The collision-induced first overtone band of gaseous hydrogen in the 
-3-
pure gas was first observed by Welsh, Crawford, McDonald and Chisholm 
(1951), and later studied by Hare and Welsh (1958) at room temperature 
at very high pressures, and Watanabe, Hunt, and Welsh (1971) and 
Watanabe (1971) at various temperatures down to 24 K. McKellar and 
Welsh (1971) obtained improved data on this band in pure H2 and in 
binary mixtures of H2 - Ar and H2 - N2 at temperatures in the range 
85 to 116 K at a path length of 137 m . 
One important difference in the experimental findings between the 
fundamental and the first overtone bandSof H2 is the absence of an 
overlap contribution to the first overtone band. It is also important 
to mention the first overtone band experimental work of Mactaggart (1971) 
in dense H2 - Ar mixtures, in which he observed absorption peaks 
evidently corresponding to simultaneous transitions of two hydrogen 
molecules, which would not be expected to occur frequently in dilute mixtures 
of hydrogen with argon. This was explained as due to collsions of the 
type H2 - Ar - H2 . 
The theory of binary collision-induced fundamental band of homonuclear 
diatomic gases has been interpreted theoretically by Van Kranendonk (1957, 
1958), who used the so called "exponential-4" model for the induced dipole 
moment to show that the absorption is caused by two different mechanisms: 
One is the dipole moment induced by the isotropic short range overlap 
force, which decreases exponentially with increasing intermolecular distance 
R. The other is a dipole moment induced by the electrostatic quadrupole 
interaction force, which is anisotropic and arises from the polarization 
of one molecule in the colliding pair by the quadrupole moment (Q) 
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field of the second molecule, and vice versa, aiQ2 l-1 0:: ~ 
Here Ql' and a1' are respectively the derivatives of the quadrupole 
moment and polarizability of molecule 1 with respect to its internuclear 
separation, and Q2 and a 2 are the quadrupolar moment and polarizability 
of molecule 2. The short-range moment contributes to the intensity of 
the broader Ql lines (i.e., Q 1 ) (~ = 0) and the long-range over ap 
moment produces the s 1 c~ = +2), Q1(i.e., Q d; ~ = 0) and 0 1(61 = -2) qua 
lines.* In addition to these single transitions, in which only one 
molecule of the colliding pair makes the vibrational or vibrational-
rotational transition while the internal energy of the other molecule 
does not change, double transitions of the type S 0 (J) + Q1(J) 
contribute appreciably to the intensity of the band. In a double trans-
ition, each of the molecules in a binary collision can perform a molecular 
transition with the absorption of a single photon. If one takes into 
account the anistropy, y , of the polarizability of the H2 molecule 
~hich is rather small), double rotational transitions of the type 
S 1 (J) + S 0 (J) are expected to occur. However, these transitions are 
very weak. 
* The subscript indicates the change ~v in the vibrational quantum 
number, i.e., 0 for the pure rotational band, 1 for the fundamental 
band, etc. The observed dip in the Q branch of the collision-
induced fundamental band of H2 is characteristic of the short-range 
overlap interaction. The observation of small dips in the S1(l) and 
S 1 (0) lines of H2 in H2 - He and H2 - Ne (see for example Reddy 
and Chang, 1973) indicates that there is some contribution of the 
anisotropy o f overlap moment to the intensity of the so-called "quadru-
polar" S lines in these mixtures. 
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Recent theoretical calculations of Karl and Poll (1967), Birnbaum 
and Poll (1969), Dalgarno et al. (1969) and Poll (1970) indicate that the 
matrix elements of the quadrupole moment and polarizability between 
different vibrational states of H2 , <vJIQiv'J'> and <vJialv'J'> are 
sensitive to the initial and final rotational quantum numbers J and J'. 
It is therefore necessary to use these matrix elements rather than Q, Q', 
a and a' in the calculations of the quadrupole-induced part of the 
absorption of hydrogen. In particular, Poll (1970) has given explicit 
expressions which are quite exhaustive for the quadrupolar part of the 
binary absorption coefficient for an arbitrary transition (v 1 'J 1 ',v2 'J2 ') + 
(v1J1,v2J2) in terms of these matrix elements, thus extending the theory 
of Van Kranendonk (1957, 1958) to the collision-induced overtone bands as 
well. The anisotropy of the polarizability can also be taken into account 
by an extension of the expressions given by Poll (1970) (see McKellar and 
Welsh, 1971). The above mentioned 'exp-4' model satisfactorily explains 
most collision-induced spectra, and up to the present has been used almost 
exclusively. 
The first non-vanishing electric multipole moment for symmetric 
diatomic molecules such as hydrogen is the quadrupole moment. As noted 
earlier in this chapter the quadrupole-induced dipole moment in the 
colliding pairs of molecules produces transitions with the selection 
rule ~J = -2, 0 and +2. The next higher electric multipole moment for 
symmetric diatomic molecules is the hexadecapole moment. In a binary 
collision, the induced dipole moment in one molecule by the hexadecapolar 
field of the other molecule, and vice versa, gives rise to transitions 
with the selection rule ~J = -4, -2, 0, +2 and +4, which would be 
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designated as M, 0, Q, S and U branches, respectively. Also possible 
are double transitions corresponding to one molecule making any of the 
above mentioned transitions and the second molecule making an 0, Q or 
S transition. 
Because of the small magnitude of the hexadecapole moment of Hz 
(Karl, Obryk, and Poll, 1973) the intensity of the hexadecapole-induced 
transitions in the fundamental band of hydrogen is expected to be very 
weak. As a matter of fact, the hexadecapole-induced transitions with 
the selection rule ~J = -2, 0 and +2 cannot be experimentally separated 
from the corresponding quadrupole-induced transitions. 
In the fundamental band of Hz, all possible double transitions of 
the type S1(J) + S
0
(J), Q1 (J) + U0 (J) and single transitions U1 (J) 
between the lower and upper rotational states at 77 K are illustrated 
in Fig. 1. Also included in Figure 1 are the wave numbers of these 
transitions. In the calculation of the wave numbers the molecular 
constants of Hz given by Foltz, Rank, and Wiggins (1966) were used. 
Sample absorption profiles for the fundamental and the first overtone 
bands of normal hydrogen at ~ 80 K at moderate pressures of the gas are 
shown in Fig. 2. Transitions Q1 (J), S1 (J) for the fundamental band and 
transitions Qz(J), ... Sz(J) for the overtone band are marked in the 
figure. Also marked in the figure is the expected region of the U(l) 
group transitions in the fundamental band. 
The observation of the U transitions in normal Hz at 195 K on 
the basis of the initial preliminary experiments has been reported by 
us very recently in a short communication in Physical Review Letters 
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(Gibbs et al, 1973). One of the objects of the present work is to 
investigate the hexadecapolar induced transitions in H2 • A two meter 
high pressure cell which was previously used in our laboratory for work 
at room temperature was converted for work at low temperatures. The 
same cell was used for the entire work reported in this thesis. The 
hexadecapolar induced transitions in the fundamental band of H2 have 
been investigated in normal hydrogen for densities up to ~ 660 amagat 
and in binary mixtures with Xe and Kr at room temperature for total 
densities up to 300 amagat. These studies are described in Chapter 3. 
The collision-induced first overtone band of H2 has been studierl 
in binary mixtures of H2 - Kr and H2 - Xe at room temperature at 
densities up to ~ 450 and 350 amagat, respectively. The evidence 
of double transitions observed by Mactaggart (1971) can be seen. The 
absorption coefficients were measured and found very sensitive to the 
base density of the hydrogen. No binary absorption coe£ficient is 
quoted, as the density range of hydrogen in the present study is limited. 
The line shifts at different densities were obtained by means o£ contour 
-1 -1 
analysis. Negative shifts as much as 23 em and 34 em were 
measured for H2 - Kr and H2 - Xe experiments, respectively. Again these 
are only qualitative measurements, as the double transition peaks could 
not be resolved from those of single transitions. This e£fect could also 
cause the apparent broadening of the single transition lines. These 
studies are described in Chapter 4. 
During the course of all the above investigations in the regions 
-10-
where there were no strong molecular absorptions, one very peculiar 
phenomenon always happened - that actually more signal was detected 
with the gas in the absorption cell than without, especially in the 
_l 
regions between ~ 6800 to 7400 em where a few broad peaks could be 
seen. The small signal increases due to the decrease in reflection loss 
at windows when gases were introduced to the cell cannot account for 
the signal increases. 
It is tentatively suggested that collision-induced emission is seen, 
where the upper states have been populated by collision- induced 
absorption, their thermal populations being totally negligible. Chapter 5 
of this thesis describes the observations and discusses speculations on 
explaining them. 
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CHAPTER 2 
Apparatus and Experimental Method 
The present research project on the collision- induced infrared 
spectra of molecular hydrogen, whose objectives were outlined in 
Chapter 1, was carried out with a 2 meter low-temperature high-
pressure absorption cell of the transmission type. A description of 
the absorption cell, the optical arrangement, the electronics, and the 
high pressure gas handling system, used in the present experimental 
investigation, is given in this chapter. Also included in this chapter 
are details of the experimental procedure and the isothermal data of 
gases. 
2.1 The 2m Absorption Cell 
This is a transmission type 2 m absorption cell which was 
originally constructed in our laboratory for the study of the collision-
induced absorption of gases under high pressures at room temperature 
(Reddy and Kuo, 1971). In order to adapt this cell for work at 77 K 
in the present work a few modifications and many additions to it were 
made. The constructional details of this low temperature cell are 
shown in Fig. 3. 
The absorption tube 8 was constructed from a 2 m stainless 
steel (type 303) bar, 3 in. in diameter. The central bore of 1 in. with 
an accuracy of ±0.010 in. in the body of the cell was drilled by 
Industrial Machining Limited, Montreal. A highly polished stainless 
steel light guide G made in five linear sections has a rectangular 
I 
I . F. .0 V 8. L Ff ~ ~2 E 
\ 
H 
c 
--r· 
Fig. 3. A cross-section of one end of the 2 m high-pressure, low-temperature transmission 
type absorption cell. 
I 
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I 
-13-
aperture 1 em x 0.5 em. Optically flat synthetic sapphire windows W1 , 
1 in. in diameter and 1 em thick, were attached with General-Electric 
RTV-108 silicone rubber cement to polished stainless steel window seats 
p 1 which have rectangular apertures 0.4 in. x 0.2 in. A high-pressure 
seal between the window seat and the absorption tube was achieved by the 
use of invar rings R1 between them and by tightening each of the end 
pieces E against the body of the cell by means of eight Allenoy steel 
Allen head screws s 1 • As the coefficient of thermal expansion of invar 
is much less than that of the steel screws, a pressure-tight seal was 
obtained at low temperatures. 
The absorption cell was surrounded by two concentric cylinders made 
of stainless steel sheet 1/32 in. thick. The inner cylinder holding the 
coolant L is 5-7/8 in. in diameter and welded on to two 1/4 in. thick 
stainless steel discs D which support the weight of the absorption cell. 
The holes (not shown in Fig. 3) drilled through these discs allow the 
coolant to flow freely through them. The outer cylinder 11 in. in diameter 
and consisting of three pieces of stainless steel sheet wrapped around D 
is capable of accommodating the thermal contraction of the inner cylinder 
when the absorption cell is cooled. The inner and outer cylinders were 
welded to two stainless steel end sheets which were in turn welded to a 
stainless steel cylinder tube which fits around the absorption cell. The 
outer jacket was then sealed to the body of the cell at its ends by means 
of stainless steel welding. The space between the outer and inner jackets 
was insulated with vermiculite V. 
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To prevent the window W1 of the absorption cell from frosting 
during the low~temperature experiments, there was constructed at each 
end of the cell a vacuum chamber C, which essentially consists of two 
cylindrical adapters c2 (made of plexiglass) and cl (made of steel) 
which was made thin in the central portion so that the flanges connecting 
c 1 and c2 would not be too cold. Aluminum foils were wrapped over 
the end piece E and screws S 1 and also inside c 1 in order that 
heat from the outside would be reflected back. The window W2 is a 
flat synthetic sapphire plate 2 in. in diameter and 3 mm thick and 
was sealed with a neoprene 0-ring R4 against the plexiglass adapter 
by the plexiglass end plate P3 by means of three screws s3 . Adapter 
c 1 was sealed to C2 with a neoprene 0-ring R3 by tightening six 
screws s2 into a 1/4 in. thick stainless steel plate P2 welded on to 
the outer jacket. These screws also serve to obtain a seal between P2 
and c1 with indium ring R2 . Heating coils H wound around the plexi-
glass chamber, and carrying variable current, prevent the window W2 
from frosting. The chamber C was evacuated through the side tube T. 
Gases were admitted into the absorption cell through a steel 
capillary tube I which was connected to the cell by means of a 1/2 in. 
Aminco fitting F. The coolant used for the low-temperature work was 
liquid nitrogen (77 K). An opening in the central section of the 
jackets was provided in order to admit the coolant. A vertical cross-
section of the entire low-temperature cell is schematically shown in 
Fig. 4. The temperature of the cell was measured with a copper-constantan 
thermocouple mounted inside the cell through the capillary tube I. The 
sample path lengths of the absorption tube were 195.3 em. at room 
·. 
P· p 
j 
v \ 
~-, I I I~-
p 
tl . 
~uu- I I I IH Htll-I I 
l l 
Fig. 4. A: cross-section of the 2 m high-pressure, low-temperature transmission type 
absorption cell with coo~~!lg jacket. 
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temperature (298 K) and 194.9 em at liquid nitrogen temperature. 
Calculations showed that the average path length of the radiation within 
the absorption cell when multiple reflections in the light guide were 
taken into account was less than 4% longer than the actual sample path 
length and was not taken into account. 
2.2 Optical Arrangement~ Electronics and Calibration of the Spectral 
Region 
A schematic representation of the optical arrangement is 
shown in Fig. 5. The infrared radiation source S is a 600 watt 
General Electric FFJ quartzline projection lamp mounted in a specially 
prepared water-cooled brass housing [Fig. 6 ]. It was operated at a 
power of~ 400 watts obtained from a Sorenson ACR-2000 a.c. regulator. 
Radiation from S was focused on the entrance window of the absorption 
cell by the concave mirror M1 and the radiation from the exit 
window of the cell was focused on the entrance slit of the spectrometer 
A by another concave mirror M2 • Both M1 and M2 are aluminum-
front-coated spherical mirrors each with a radius of curvature of 60 em 
and a diameter of 15 em. These light cones of f/4 were maintained 
throughout the optical arrangement. 
The spectrometer A is a Perkin-Elmer model 112 G single-beam 
double-pass instrument~ fitted with a Bausch and Lomb plane grating G 
(either a 300 lines/mm grating blazed at 1.2~, or a 300 linesjmm 
grating blazed at 3.0~~ in the first order). The filter F is either 
Perkin-Elmer 203-1104 or Corning CS 7-57~ for the spectral region 
be~ween fundamental and first overtone bands of ~ H2 ~ or for the region 
s 
1-H·---l 
Fig. 5. Top view of the 2 m cell with the Perkin-Elmer 112 G monochromator .. 
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Fig. 6. Infrared continuum source with cooling jacket:L= CGE FFJ 
Quartz-line projector lamp; N.=connector; I= ceramic insulator; 
R = retaining ring with retaine_r screw, S; C = brass cap; P = 
retaining spring; J = brass jacket. 
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of the first overtone band of H2 , respectively. The detector D 
is a PbS cell mounted on a ceramic or brass support which served as 
a heat sink and was operated at room temperature. The 13 Hz· 
mechanical ~hopper CH is located such that only light which has 
doubly passed the grating is modulated. The resulting signal from 
n was first amplified by a preamplifier and then amplified and demo-
dulated by a Perkin-Elmer 13 Hz lock-in amplifier model 107 and 
recorded on a Leeds and Northrup strip-chart recorder. In the present 
set up, the reference signal for the rectifier in the amplifier was 
produced by two sets of cam-operated breaker points mounted under the 
monochromator and actuated by rotation of the chopper shaft. In order 
to get optimum signal to noise ratio it was necessary to adjust the 
phasing of the two cams so that a bipolar square wave reference signal 
was obtained and the modulated signal from the detector and the reference 
signal from chopper were in phase in the amplifier. One of the other 
main causes of noise in the electronics is the dirt picked up by the 
breaker points. Care was taken to maintain the breaker points free from 
dust. 
A lead sulphide detector is expected to give an optimum signal to 
noise ratio when the radiation signal is modulated with a chopper having 
much higher frequency than 13 Hz. Some experiments were therefore 
carried out in the present work by replacing the Perkin-Elmer 13 Hz 
chopper in the 112 G spectrometer (Fig. 5 ) with an American Time 
Product model L-40 400Hz tuning fork chopper which is small enough to 
fit in the monochromator to chop only the second pass signal. The 
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Perkin-Elmer model 107 amplifier was replaced by a Brower Laboratories 
model 131 lock-in voltmeter coupled with their model 500 frequency 
programmer. The reference signal was supplied by the power supply unit 
for the tuning fork and the phasing adjustment is a part of the lock-in 
voltmeter. The detector was a PbS cell operated at either room 
temperature or 77 K. With these modifications in the experimental 
set up, it was possible to obtain an optimum signal-to-noise-ratio of 
the PbS cell, which is close to the manufacturers' specification. 
Unfortunately electronics trouble developed in the model 500 frequency 
programmer subsequently, and it was sent back to Brower Laboratories, 
Ltd. for repair and most of the final experiments were therefore carried 
out by the original Perkin-Elmer 13 Hz chopper and model 107 amplifier. 
The slit of the monochromator maintained at a width of 150 ~ gave 
5800 cm- 1 and - 1 an experimental spectral resolution of ~ 7 em at 
~ 12 cm- 1 at 8075 cm- 1 In specifying the spectral resolution , 
factors such as the rise-time of the amplifiers, the scanning speed of 
the grating, etc. were taken into account. It must 1however 7 be noted that 
for experiments at high-pressures and low temperature the above-specified 
spectral resolutions could not be obtained because of the density 
fluctuations of the gas in the cell. 
The spectral region 4700 to 9000 -1 em was calibrated using 
mercury emission lines (Zaidel' et al., 1970), neon emission lines 
(Humphreys,l953; Plyler, Blaine and Tidwell, 1955) and absorption peaks 
of atmospheric water vapour (Sleator and Phelps, 1925; Plyler et aL, 1952). 
The slit width, rise-time of the amplifier, and the scanning speed of 
the grating were the same for both calibration and actual experiments. 
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2.3 Gas Handling 
For the pure gas experiments, 'ultra-high pure' hydrogen from 
a cylinder supplied by Matheson of Canada Limited was first passed 
through a trap of coiled copper tubing, maintained at 77 K, and 
then admitted at required pressure into the absorption cell which was 
initially evacuated. 
For each of the mixture experiments, the hyd~ogen gas was first 
admitted into the evacuated cell to obtain a particular base pressure. 
The perturbing gas, krypton or xenon (each of which is of research 
grade), from a stainless steel cylinder, also supplied by Matheson of 
Canada Limited, was first condensed into two stainless steel thermal 
compressors maintained at 77 K. These thermal compressors were used 
to obtain required pressures of the perturbing gases. The perturbing 
gas was then admitted into the cell in a few quick pulses to obtain the 
desired total pressure of a hydrogen- foreign-gas mixture. Thus, in 
a given mixture experiment, the partial density of hydrogen was kept 
constant and a series of pressures of the binary mixtures of hydrogen 
was obtained with krypton or xenon. After the required experimental 
traces were taken, both krypton and xenon were recovered from the mixtures 
with hydrogen in the absorption cell, as these gases were very expensive. 
This was done by first condensing them into the original storage cylinders 
immersed in liquid nitrogen and then pumping out the residual hydrogen 
gas slowly through a two-stage stainless steel trap. This trap was 
necessary to arrest the flow of powdery solid krypton or xenon with 
hydrogen. Gas pressures were measured using Bourdon-type pressure gauges 
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calibrated against an Ashcroft dead weight tester. 
2.4 Isothermal Data 
Densities of hydrogen at room temperature and liquid nitrogen 
temperature for pressures up to 350 atm were obtained directly from the 
isothermal data given by Dean (1961) and Goodwin et al. (1963). The 
densities of hydrogen for pressures above 350 atm were obtained by the 
method of extrapolation. 
The isothermal data of krypton and xenon at 298 K were obtained 
directly from Trappeniers, Wassenaar, and Wolkers (1966), and Michels, 
Wassenaar, and Louwerse (1954), respectively. The partial density, pb, 
of the foreign gas in a binary gas mixture was determined using an 
interpolation formula (see, for example, Chang, 1971). 
2.5 Measurement of Experimental Data 
For pure hydrogen absorption experiments, the absorption 
-1 
coefficient a(v) at a given wave-number v (in em ) with the absorption 
cell of sample path length ~ containing hydrogen at a density p is 
a 
defined as 
I(v) = I 0 (v) exp[-a(v)~] , 
or 
a(v) = (1/~) ~n [I 0 (v)/I(v)] , 
where I 0 (v) is the intensity transmitted by the evacuated cell and 
I(v) is the intensity transmitted by the cell with the gas. For the 
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mixture experiments, the enhancement in the absorption coefficient per 
unit path length a ( v) en at a given wave number 
\) - 1 (in em ) when a 
perturbing gas at a partial density P b is added into the absorption 
cell of sample path length ~ containing hydrogen at a fixed base 
density pa is given by 
or 
a (v) 
en 
where I 1 (v) is the intensity transmitted by the cell with only 
hydrogen in the cell and I 2 (v) is the intensity transmitted by the 
binary mixture in the cell. The recorder pen deflection £or infinite 
absorption, i.e., for zero radiation entering the spectrometer, was 
checked several times during an experiment. The recorder traces were 
reduced with the help of a standard logarithmic scale by measuring 
log 10 [I 0 (v)/I(v)] in the pure gas experiments, and log 10 [I 1 (v)/I 2 (v)] 
in the mixture experiments, at intervals of 10 cm- 1 for regions with 
-1 
narrow peaks or sharp dips and 20 ern for the rest of the regions. 
The integrated absorption coefficients per unit path length Ja(v)dv 
and Ja (v)dv (cm- 2) were obtained from the areas under the 
en 
absorption profiles. The integrated absorption coefficient may be 
expanded in terms of density and we have for the pure gas 
Ja(v)dv = 
2 3 
a 1 ap a + a 2ap a + • • • • , 
and for binary mixture 
fa (v)dv = en 
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2 
albpapb + a2bpapb + ••• ' 
In the low density approximation when only binary collisions are 
important 
fa 
2 (v)dv = alapa 
and 
fa (v)dv = albp apb . en 
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CHAPTER 3 
Collision-Induced Vibration-Rotation 
U transitions (~J =+4) in Hydrogen 
Van Kranendonk's interpretation of collision-induced dipole moments 
as arising from two mechanisms; a short range part due to electron over-
lap, assumed to have an exponential dependence on intermolecular 
separation; and a longer range part due to quadrupole-induced dipole, 
_4 
and thus having R dependence, has been sufficient up to now, and 
has been used almost exclusively. The quadrupole induction was chosen 
because it represents the first non-vanishing component in a multipole 
moment expansion for a cylindrically symmetric homonuclear diatomic 
molecule. The second non-vanishing term in the expansion is the hexadecapole 
moment. Selection rules for dipole transitions induced by a hexadecapole 
moment allow ~J = ±4 transitions, as well as ~J = 0, ±2 (as occur 
for quadrupolar induction). 
This distinction between the two shows how such induction may be 
observed; because ~J = 4 transitions in H2 may occur sufficiently 
separated in frequency from other branches so that they may be 
distinguished, i.e. the ~J = 0, ±2 hexadecapolar induced transitions 
would not be easily separated from the quadrupolar induced transitions 
which occur at the same frequencies and with much greater intensities. 
Other mechanisms may make possible transitions with ~J = ±4 [see 
Gibbs, et al. (1974)], but in the traditional spirit of the use of multi-
polar expansions and because of the particular motivation it has given 
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this work, throughout this thesis these U transitions will be arbitrarily 
termed hexadecapolar-induced. Perhaps this use of a particular model 
may need to be extended when further theoretical developments occur. 
For the reason given above, and other obvious reasons, hydrogen gives 
the best chance for observing U transitions. Furthermore, because the 
transitions are expected to be weak, it was assumed that long path 
lengths and high gas densities would be needed. Doing the experiment 
at 77 K gives a gas density ~ 4 times that at room temperature and the 
same pressure. Other reasons favour a low temperature experiment even 
more - simplification of interpretation of the spectra by restricting 
rotational populations to J = 0 and 1 helps considerably, as does 
narrowing of lines and consequent reduction in overlap of branches of 
different kinds of induction. 
Krypton and xenon were chosen as perturbers in mixture experiments, 
even though their use precludes 77 K temperature, because of their 
large polarizabilities and consequently expected larger induction. 
The experimental apparatus described in the previous chapter was 
used to study the U transitions in the fundamental collision-induced 
infrared absorption band of hydrogen in pure H2 at 77 K and in H2 - Kr 
and H2 - Xe mixtures at 298 K. The experimental conditions under which 
the spectra were obtained are summarized in Table I. 
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TABLE I 
Summary of experimental conditions 
Experiment* Temperature Sample path length Maximum Number 
(K) of the cell density of 
(em) (amagat) densities 
pure H2 77 194.4 700 11 
H2 - Xe 298 195.2 300 4 
*The H2-Kr mixture experiment shows an indication of U(l) absorption. 
3.1 Normal Hydrogen at 77 K 
(a) Absorption Profiles 
A typical spectrum of normal H2 at a density of 637 amagat 
at 77 K in the spectral region 5425 - 7300 cm- 1 obtained with the 
2m cell is shown in Fig. 7. -1 A characteristic peak around 5750 em 
corresponding to the U transitions (6J = 4) has been observed. A 
very interesting feature of the spectrum in this figure in the 
-1 
region 6100 to 7300 em is that more radiation with several peaks 
reaches the detector in the spectrometer with the absorption cell 
filled with compressed hydrogen than with the evacuated cell. It 
was found that the amount of radiation increases with increasing 
gas density in the cell. We suggest that this increase in the 
radiation is possibly due to (i) the decrease in the reflection 
losses at the windows of the cell, which is more or less constant 
throughout the spectral region of interest here for a given density 
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of the gas and (ii) several emission peaks which are superimposed 
on the constant radiation in (i) (for details, see Chapter 5). The 
rest of this chapter is devoted to the presentation of the results 
of the U transitions. 
Sample absorption profiles of normal hydrogen for gas densities 
696, 637 and 454 amagat at 77 K in the spectral region 5425 to 6200 
cm-I are shown in Fig. 8. In Fig. 8, the positions of the transitions 
UI(l), U (1) + QI(l) and U (1) + QI(O), calculated from the constants 
0 0 
of the free molecule (Foltz et al., 1966) are marked on the wave number 
axis. The peak corresponding to the U(l) transitions is evident. At 
77 K almost all the H2 molecules exist in the lowest rotational states 
J = 0 and 1 and only a very small fraction c~ 0.1%) of the molecules 
exist in the state J = 2. For the first few lowest density experiments, 
the profiles on the recorder chart also reveal two evident absorption 
-I peaks~ 5080 and~ 5300 em (not shown in Fig. 8); the intensities were 
difficult to measure as the absorptions in this region were close to 
infinity. The first of these falls between the calculated positions of 
-I 
the double transitions S (O) + S (1) (5067.3 em ) and S (1) + SI(O) 
0 0 
-I (5084.8 em ) and the second corresponds to the transition 
S (1) + SI(l), whose calculated wave number is 5299.9 
0 
-I 
em The 
occurrence of these 2 S double transitions due to the anisotropy of 
the polarizability of the hydrogen molecule was first observed in 
the pure rotational region by Kiss and Welsh (1959), and was also 
observed in the fundamental band by Watanabe and Welsh (1965); 
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1967). 
(b) Profile Analysis: Separation of the quadrupolar transitions 
from the observed absorption profiles 
The entire collision-induced fundamental band of hydrogen 
with experimental conditions used in the present work consists of 
the following three tYPes of transitions: 
1. Overlap Q transitions, 
2. Quadrupole single and double transitions, 
3. Hexadecapole single and double transitions. 
In order to obtain the absorption of the hexadecapole transitions, 
it is necessary to subtract the absorption contribution of the 
transitions 1 and 2 from the observed profiles. The transitions 
which contribute to the intensity of the fundamental band of H2 at 
77 K and their relative positions on a wave number scale are shown 
in Fig. 9 • 
According to Van Kranendonk (1958), the Q branch intensity of 
a collision-induced fundamental band comes from both the overlap 
and quadrupolar induction effects. Therefore the two main overlap 
components that contribute to the intensity of the fundament al band 
at 77 K are 
- i (4155.2 em ). The overlap half-width, o for normal 
overlap, 
hydrogen at 77 K was estimated to be 192 cm- 1 by Watanabe and 
Welsh (1967: Table II). The intensity contribution of these overlap 
components to the absorption of the band in the spectral region above 
-l 5500 em in the present experiments is considered small and varying 
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slowly enough to be approximated as constant. On the basis of this, 
it is quite reasonable to obtain the intensity of the hexadecapolar 
transitions by subtracting the intensity contribution of the quad-
rupolar transitions from the observed absorption profiles in the 
region 5425 - 6075 cm- 1 by the method of profile analysis discussed 
in the following paragraphs. 
i) Frequency Structure and Relative Intensities 
The wave numbers of the transitions involving the initial 
rotational states J = 0 and 1 of the fundamental band of H2 
calculated by Foltz, Wiggins and Rank (1966), are given in Table II . 
Also included in this table, for the purpose of comparison, are transitions 
with the initial rotational state J = 2, even though their con-
tribution to the intensity of the band is negligible (see below). 
According to Poll (1970), the quadrupolar induction part of the 
integrated binary absorption coefficient of a band may be written as 
(see for example McKellar and Welsh, 1971) 
a1 quad 
2 2 5 2 
= 4rr e a 0 N0 
3Atr c 
5 ( a: ) ;J X, 
where a 0 is the Bohr radius, 
19 3 
N0 = 2.687 x 10 /em is 
(3 - 1) 
Losehmidt's number and 0 is the Lennard-Janes range parameter. The 
dimensionless integral J , which is a function of the reduced temp-
erature T*(=kT/s) , is given by 
J
= 8 2 
J(T*) = 12rr x- g
0
(x) x dx. 
0 
(3 - 2) 
TABLE II 
Frequencies and relative intensities of the components 
of the fundamental band of H2 at 77 K 
Transition -1 Frequency* (em ) Origin Relative Intensity 
Overlap 
Ql (1) 4155.2 I ~ Quadrupolar 3.96 I 
Q 
Overlap 
Ql(O) 4161.1 
Quadrupolar 1.22 
s1(0) 4497.8 Quadrupolar 8.97 X 10 
-2 
S(O) s0(0) + Q1(1) 4509.6 
II 5.33 X 10 -2 
s0(0) + Q1(0) 4515.5 
II 1. 59 X 10 -2 
s1(1) 4712.9 
II 1.37 X 10 -1 
S(l) s0(1) + Q1(1) 4742.3 
II 9.72 X 10 -2 
s0(1) + Q1(0) 4748.2 
II 2.91 X 10 -2 
TABLE II (continued) 
Transition -1 Frequency* (em ) Origin Relative Intensity 
s0(0) + s1(0) 4852.2 Quadrupolar 3.54 X 10 
-3 
s0(0) + s1(1) 5067.3 
II -3 5.73 X 10 
2S 
-3 s0(1) + s1(0) 5084.8 
II 6.48 X 10 
-2 I s0(1) + s1(1) 5299.9 
II 1.05 X 10 t.N U"l 
I 
u1(0) 5271.6 Hexadecapolar 
U(O) u0(0) + Q1(1) 5324.0 
II 
u0(0) + Q1(0) 5329.9 
II 
u1 (1) 5696.1 
II 
U(l) u0(1) + Q1(1) 5776.9 
II 
u0(1) + Q1(0) 5782.8 
II 
TABLE II (continued) 
Transition -1 Frequency* (em ) Origin Relative Intensity 
Transitions Involving J = 2 
Ql(2) 4143.4 Quadrupolar 6.86 X 10 -3 
s0(0) + Q1(2) 4497.8 
II 9.59 X 10 -5 
-4 I s0(1) + Q1(2) 4730.4 
II 1. 71 X 10 VI 0"1 
I 
s1(2) 4917.2 
II 1.77 X 10 -4 
s0(2) + Q1(2) 4957.8 
II 2.68 X 10 -7 
s0(2) + Q1(1) 4969.6 
II 1.52 X 10 -4 
s0(2) + Q1(0) 4975.5 
II 6.45 X 10 -7 
s0(0) + s1(2) 5271.5 
II 7.90 X 10 -6 
s0(2) + s1(0) 5312.2 
II 2.26 X 10 -5 
s0(1) + s1(2) 5504.2 II 1.63 X 10 
-5 
s0(2) + s1(1) 5527.3 
II 1. 64 X 10 -5 
s0(2) + s1(2) 5731.6 
II 2.26 X 10 -8 
Transition 
u0(0) + Q1(2) 
u0(1) + Q1(2) 
TABLE II (continued) 
-1 Frequency* (em ) 
5312.2 
5765.0 
Origin 
Hexadecapolar 
II 
Relative Intensity 
*Calculated from the constants of the free molecule (Foltz et al., 1966) 
I 
{.N 
""'-.1 
I 
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Its values have been tabulated by Van Kranendonk and Kiss (1959). 
Here x = R* = R/cr is the reduced intermolecular distance and g0 (x) 
is the low density limit of the pair distribution function of the 
gas. Classically, g0 (x) = exp(-V(x)/kT), where the Lennard-Jones 
-12 -6 potential V(x) = 4E(x - x ) was assumed. The quantity X is 
given by 
+ Y] (3 - 3) 
where 
2 2 4 
+ <OJ 2 I Q2 I v 2 ' J 2 ' > <OJ 1 I y 1 I v 1 ' J 1 ' > - 15 <OJ 1 I Q 1 I v 1 ' J 1 ' ><OJ 2 I Q2 I v 2 ' J 2 ' > 
(3 - 4) 
Here the subscripts 1 and 2 refer to the colliding molecules and vJ 
and v'J' are the lower and upper vibrational and rotational quantum 
numbers. The Boltzmann factor PJ (=(2J + l)(P(J)) is defined so 
gT being 1 and 3 for the even and odd rotational states, respec-
tively, of H2]. The quantities C(JnJ'; 00) are Clebsch-Gordon 
coefficients, and < vJ I Q I v'J' >, < vJ I a I v'J' > and 
< vJ I y I v'J' > are quadrupole moment, polarizability and anisotropy 
of the polarizability matrix elements, respectively. The Y term containing 
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y is small compared to X2 and produces double rotational trans-
itions of the type S(J 1 ) + S(J 2 ). In the calculation of the 
relative intensities of these transitions, the matrix elements 
<OJ IQilJ' >, <OJ Ia llJ' > and <OJ IY llJ' > of H 2 , calculated by 
Birnbaum and Poll (1969), Poll (1970), and Poll (private communi-
cation, 1974), respectively, have been used. The Boltzmann factors 
PJ used in the calculations are listed in Appendix A. Finally 
the calculated relative intensities of the quadrupolar lines are 
included in Table II . 
(ii) Quadrupolar line shape 
Usually quadrupolar lines may be represented by the 
Boltzmann-modified dispersion line shape with power law tail (Kiss 
and Welsh, 1959; Mactaggart and Hunt, 1969). For the present 
profile analysis, this line shape is slightly modified and is 
represented by the following expressions. 
2 
a+(\)) + A = (a 0 + A)/[1 + (!::,\)/8) ] , 0 < /::,\) < po (3 
a+(\)) + A -d > po (3 = Q(!::,\)) , /::,\) 
a-(\)) + A [a+(\)) + A] exp(-hc!::,\)/kT). (3 -
Sa) 
Sb) 
Sc) 
Here, a(\)) is the absorption coefficient with the frequency factor 
removed (a(\))= (l/f.)fu[I 0 (\))/I(\))]; a(\))= a(\))/\J), and repre-
sents the transition probability at a wave number 
\)m being the molecular transition wave number, 
v, ~v = \) - \) m' 
ao = a(\) ) is 
m 
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the transition probability at v , and a-(~v) and a+(~v) are absorption 
m 
coefficients at wave numbers v 
m 
~v and v + ~v in the low- and high-
m 
frequency wing, respectively. The half-width 8 of the line is the 
value ~v on the high wave number side for which the transition 
probability is ~ a0 The quantity Q is determined by matching the 
intensities _+ a in Eqs. (3 - Sa) and (3 - Sb) at the wave number v + po. 
A negative constant "A" is introduced in Eqs. (3 - 5) in order to take 
into consideration the decrease in the reflection losses at the 
windows of the cell, filled with a gas. The values p = 2.00 and 8 = 
-1 70 em from the work of Mactaggart and Hunt (1969) on the collision-
induced rotational spectrum of H2 were assumed in the present analysis. 
This is justified on the basis that the transitions induced by the 
same mechanism have the same line shape (Poll, 1960). 
(iii) Analysis of the Profiles 
The analysis of the absorption profiles was carried out 
by means of a program written for the IBM 370 computer. In the 
computer program, for a given set of adjustable parameters, a 
synthetic profile which was the sum of the component profiles of 
the quadrupolar transitions with their calculated relative intensities 
is matched for the least squares fit to the experimental profile in 
the specified regions of the spectrum, which in the present case 
-1 -1 
are from 5450 to 5540 em and around 6300 em . (The extent 
of the U(l) transitions is expected to be within the region 
-1 5540 to 6200 em ). 
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An example of the results of the profile analysis is shown in 
Fig. 10. The absorption profile due to the U(l) group transitions 
was obtained by subtracting the synthetic quadrupolar profile 
from the experimental profile. The results of such subtraction 
is also shown in Fig. 10. In the above analysis the synthetic 
profile also includes the quadrupolar transitions, single as well 
as double, involving J = 2 in the initial state. As these trans-
itions are weak (see their relative intensities in Table II) 
their contribution to the intensity of the band was found to be 
negligible. 
In addition to the above method, an 'exponential tail' method 
was also used to separate the quadrupolar profile from the experi-
mental profile. Following Bosomworth and Gush (1965), the high 
frequency wing of the quadrupolar profile may be represented by 
the expression. 
a(v) = c exp [-S(v - v
0
)], v > v + po , 
0 
(3 - 6a) 
where o is the Boltzmann half-width described above and c and S 
are the adjusted parameters. As a matter of fact, since all the 
quadrupolar transitions with significant intensity occur at least 
several hundred wave numbers away from the U(l) group of trans-
itions, only the 'tail' of the quadrupolar profile overlaps the 
latter group. A least squares fit to the regions 5450 to 5540 cm- 1 
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and around 6300 -1 em of the pro£ile was made with the £ollowing 
line form for the tail: 
a(v) + A c exp [-S(v- d)]. (3 - 6b) 
The line form given by Eq. (3 - 6b) is equivalent to 
£.n[a(v) + A] = -Sv + B, (3 - 6c) 
where A, S and B (= £. n A + d) are adjustable parameters. Here 
A is again introduced to take into consideration the decrease in 
reflection losses at the windows of the cell filled with a gas. The 
synthetic exponential tail thus obtained is as good as the one 
obtained by the detailed method described above, and is also shown 
in Fig. 10 for the purpose of comparison. 
(c) Derived Absorption Profiles of the U (1) Group; Binary 
Absorption Coefficient 
Figure 11 shows the typical absorption profiles of the 
U (1) group transitions of normal H2 at three different densities 
at 77 K. These profiles were derived by the method of profile 
analysis presented in Section 3.l(b). The peaks of these profiles 
fall at a wave number of 5750 cm- 1 for the higher density profile, 
whereas the calculated wave numbers of the U1 (1), U0 (1) + Q1(l), 
and U0 (1) + Q1 (0) transitions of the free H2 molecule are 5696.1, 
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5776.9 and 5782.8 -1 em The half-widths of these profiles towards 
the high frequency side at half the peak intensity are estimated as 
-1 ~ 150 em . Since the ~J = +4 transitions are hexadecapolar in 
origin, the corresponding induced dipole moment varies with R- 6 , 
whereas the dipole moment induced by quadrupolar induction varies 
-4 
with R , and the one by overlap induction varies exponentially with 
R. Therefore the duration of collisions in hexadecapolar induction 
is shorter than that in quadrupolar induction but longer than in 
overlap induction. The observed half-width of the U(l) group falls 
-1 
between that of the quadrupole induced transitions (oquad = 70 em ) 
-1 
and that of the overlap induced transitions (o 1 = 192 em ) , over ap 
in agreement with expectations. 
The areas under the absorption profiles of the U(l) group 
were measured and converted into integrated absorption coefficients 
Ja(v)dv (= ~ Jtn[I 0 (v)/I(v)]v- 1dv). The quantities (l/p 2 ) Ja(v)dv 
are given for different experimental densities of hydrogen at 77 K 
in Table III. Usually, for an absorbing gas of density pa in 
collision-induced absorption, the integrated absorption coefficient 
is given by 
Ja(v)dv = (3 - 7) 
where a 1 is the binary absorption coefficient and a 2 is the ternary 
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TABLE III 
Integrated absorption coefficients of U(1) group 
p (amagat) (1/p 2 )Ja dv -10 (10 amagat -2 -1 em ) 
482 3.6 
511 3.0 
534 4.1 
552 3.6 
566 4.0 
603 2.9 
637 3.4 
648 3.7 
668 2.9 
696 2.9 
697 3.0 
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absorption coefficient. A plot of (l/pH2
2) J a (v)dv against pH
2 
is shown in Fig. 12 . The points in the graph are somewhat 
scattered and it was not possible to obtain a value of the ternary 
absorption coefficient. The binary absorption coefficient is 
obtained from the average values of the integrated absorption 
coefficients using the expression a1 = (1/pH:) J a (v)dv. The 
quantity thus obtained is 
3.2 Binary Mixtures of H2 - Xe at 298 K 
- 10 -1 
± 0 • 4 ).:x 1 0 em 
Usually the collision-induced spectrum of enhancement of 
-2 
amagat 
absorption of a binary mixture of a symmetric diatomic gas with a 
monatomic foreign gas is considerably simpler than the corresponding 
spectrum of the pure gas because the former spectrum contains 
primarily single transitions. In the present work, it was considered 
worthwhile to investigate the collision-induced spectrum of H2 
in the U1(l) region in the binary mixtures of hydrogen and xenon 
at room temperature. Xenon was chosen principally because of its 
high polarizability 3 (a =27.4 a 0 ). Unfortunately, the impurity in xe 
the xenon gas just happened to have absorption with two peaks coin-
ciding with the Ul(l) position. The profile of the impurity 
absorption was obtained from an experiment with xenon gas alone at 
a density roughly equal to the partial density of xenon in the H2 - Xe 
experiment. The contribution from the impurity is more than half 
of the total intensity and was subtracted from the H2 - Xe profile. 
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The same radiation problem mentioned earlier in the pure H2 
experiment at 77 K also occurs here. A uniform intensity 
corresponding to 'A' in Eqs. (3 - 5) is added through out the 
region. Figure 13 shows a typical profile of enhancement of 
absorption thus obtained in the U(l) region of the fundamental 
band of H2 in H2 - Xe at 298 K. For the given profile the 
base density of H2 is 31.1 amagat and the partial density of 
xenon is 275 amagat. To obtain profiles of enhancement of 
absorption the contribution of H2 - H2 collisions to the intensity 
of the band was subtracted from the recorder traces. A peak 
corresponding to the u1 (1) transition is clearly seen around 
5700 cm- 1 
The derived enhancement profiles of H2 - Xe are somewhat in 
error because the correction applied for the impurity in the xenon 
gas does not take into account the effect of H2 gas on the impurity. 
Moreover, the absorption intensity is not strong enough to make 
accurate measurements. The experiments could not be carried out at 
much higher densities of xenon because of its limited supply. A 
-1 profile for the S wing in the region 5550 to 5900 em is also 
shown in Fig. 13 . The profile of the U1(l) transitions obtained 
by subtracting the S wing profile from the experimental profile is 
also shown in the same figure. By measuring the areas of four such 
derived profiles of the U1(l) transition and neglecting the 
contribution o£ the ternary and higher order collisions, the approx-
imate value of the binary absorption coefficient for H2 -Xe mixtures 
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is obtained as 
-10 -l -2 ~ 9.7 x 10 em amagat 
Experimental evidence of U (1) transitions was also obtained 
in binary mixtures of hydrogen with krypton but the amounL -of 
absorption was less than that in H2 - Xe mixtures. As the 
accuracy of the measurements of absorption in this case was low, 
the absorption profiles are not presented here. 
3.3 Hexadecapole Moment Matrix Elements of H2 
The principal mechanism for the occurrence of the U transitions 
in the collision-induced infrared spectrum of H2 is considered t.o 
be the hexadecapolar induction. The "level-mixing" mechanism (Van 
Kranendonk, 1957; Herman 1970) may contribute some small intensity to 
the U transitions, but no theoretical calculations in this respect 
are available. Triple collisions may also contribute to the 
intensity of absorption in the U region. In the calculations 
presented in the following paragraphs, we assume that experimental 
binary coefficient of the U(l) group transitions arises from the 
binary hexadecapolar induction mechanism . (see also Gibbs et al. 1974). 
The integrated binary absorption coefficient due to hexadecapolar 
induction for a given band may be expressed as (see Appendix B) 
2 2 5 2 9 
al(hexadecapolar) = ~Orr e a0~_J ~\ 9 11 c \a ) (3 - 8) 
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where 
J
oo 12 2 
12TI x g
0
(x) x dx , 
0 
(3 - 9) 
The dimensionless integral J could be obtained from the values of 
H12CY) listed by Buckingham and Pople (1955). The quantity X4 is 
given by 
2 2 
x <OJ1IH1Iv1'J1'> <OJ2!a2!v2'J2'> 
2 2 
+ C(J2 4 J2'; 00) C(J1 0 J1'; 00) <OJ2!H2!2 
2 
x <OJ1Ia1lv1'J1'> 
(3 - 10) 
Here the subscripts 1 and 2 and the quantities x, a, N , a , y, 
0 0 
C(J n J'1; 00) and <vJ!alv'J'> are the same as those occurring in 
eq. (3 - 3) and <vJ!Hiv'J'> is a hexadecapole moment matrix element. 
(i) From the binary absorption coefficient of H2 - Xe at 298 K 
On substitution of the appropriate values for the 
quantities in Eq. (3- 8), we have the value of the experimental 
binary absorption coefficient for the U1 (1) transition in H2 - Xe 
-1o I I 2 4 equal to 386 x 10 <0 H 1> , i.e., <O!Hil> ~ 0.15 ea . 
0 
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This value of <OjHjl> is considered somewhat high. The reason 
for this is partly due to the uncertainty in the value of the 
binary absorption coefficient because of the difficulties 
mentioned above, and partly due to the intensity contribution to 
the U region by the double transitions of the type 
U0 (1) + Q1 (J) which would arise from the triple collisions of 
the type H2 - H2 -Xe (see Chapter 4). 
(ii) From the binary absorption coefficient of pure H2 at 77 K 
The value of experimental binary absorption coefficient 
of the U(l) group transitions in pure H2 at 77 K when 
substituted in Eq. (3 - 8) gives 
-10 3.4 X 10 -1 em -2 amagat 
2 
= 6.46 x l0- 10 [28.9 < o!Hio> 
2 
+ 29.4 <OIHil> ] 
To estimate <OjHjO> from this expression, we must have the 
value of <O!Hil>. Unfortunately, as m~ntioned above we could 
not obtain a reliable value of <O!Hil> from the H2 - Xe 
experiments. Now we take advantage of the recent theoretical work 
of Karl, Obryk and Poll (1973) whose calculations show that 
<OjHjl> ~; <OIHIO>. On substitution of this relation in Eq. 
(3- 10) we obtain <OIHIO>; 0.13 e a 0
4
. This value is in close 
agreement with the theoretical value( ;0.10 e a 0
4 ) obtained by 
Karl et al . ( 197 3) . 
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CHAPTER 4 
Collision-Induced First Overtone Spectra of H2 in H2 - Kr and 
H2 -Xe Mixtures at Room Temperature 
In Chapter 1, work done previously on the collision- induced first 
overtone band of H2 in pure H2 and in binary mixtures of H2 with 
Ar and N2 at different ternpe~atures has been briefly reviewed. In 
the present chapter the results of the work the author has carried out 
on this band in binary mixtures of H2 with Kr and Xe at room 
temperature will be presented. The first overtone band was studied with 
a 2 rn absorption cell for several base densities of gaseous H2 in 
the range 20.8 to 43.5 arnagat. The experimental conditions under 
which the profiles of the enhancement of absorption were obtained are 
summarized in Table IV. The experimental absorption profiles of the band 
and the absorption coefficients will be presented in Section 4.1. A 
profile analysis of the band will be given in Section 4.2. A brief 
discussion of the experimental results will be included in Section 4.3. 
TABLE IV 
Summary of experiments 
Mixture Temperature Sample path length Maximum Density Number 
(K) (ern) of perturbing gas of mixture 
(arnagat) densities 
H2 - Kr 298 195.3 430 31 
H2 - Xe 298 195.3 320 17 
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4.1 Experimental Results: 
Sample experimental profiles of enhancement of absorption of 
the induced first overtone band of hydrogen obtained in ~ - Kr and 
~ - Xe mixtures at room temperature are shown in Figs. 14 and 15 ~ 
respectively. For the three profiles in Fig. 14 ~ the base density of 
hydrogen is 43.5 amagat and the partial densities of krypton are 
423, 325 and 232 amagat~ and for those in Fig. 15 ~ these are 20.8 
amagat for HZ' and 318~ 288~ and 263 amagat for xenon. It was 
not possible to obtain results at higher densities with available 
amounts of the perturbing gases and within the pressure limits of the 
apparatus. 
with J = 1~ 
The positions of the single transitions 
2 and 3~ and S2 (J) with J = 0 to 3~ marked on the 
wave number axis~ were calculated from the constants of the free 
molecule. One striking feature of the enhancement absorption profiles 
is the absence of the overlap dip in the Q branch) which is rather 
characteristically present in the fundamental band of H2 in ~ - Kr 
and ~ - Xe mixtures at 298 K (cf. Reddy and Lee 1968; Varghese and 
Reddy 1969). The single transitions S2 (J) for J 0 to 2 in 
H2 -Xe are distinct~ S2 (3) for H2 - Xe is below the zero line. (See 
discussion below). The Q2 branch occurs as a single peak~ although 
at room temperature it consists of three quadrupolar components Q2 (J) 
with J = 1~ 2 and 3 (the quadrupolar component Q2 (0) is forbidden). 
On both ends of the spectrum~ the high and low wave number wings~ we 
actually get more radiation than the background. It increases with the 
gas density~ stronger on the high wave number side and is stronger for 
.-: .. 
-
-0 
D 
0 
__. 
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the ~ - Xe mixture. This radiation was actually much stronger than 
what is shown here, as the amplifier gain was adjusted during the 
successive density experiments to assume the intensity remained constant 
at a point (7400 cm-1 ) free of molecular absorption. Another 
important feature of the profiles is that there is considerable shift 
of quadrupolar lines to lower wave numbers, which increases with the 
_l 
density of the foreign gas. These shifts are as large as -23 em for 
H2 - Kr and -35 em 
-1 for H2 -Xe (see section 4.2 below). 
Yet another interesting feature of the absorption profiles is that, 
at higher densities both in H2 - Kr and H2 - Xe, double transitions 
in two H2 molecules are evident, possibly arising from triple collisions 
of the type H2 - H2 - Kr or H2 - H2 - Xe. The absorption peak around 
-1 8250 em for the higher density profiles in Figs. 14 and 15 corresponds 
to the double transitions Q1(J) + Q1(J) 
-1 -1 -1 8310.5 em ; Q1 (1) + Q1 (2) : 8298.7 em ; Q1(l) + Q1(3) 8281.1 em ). 
Some of these double transitions are shown by the arrows. The reader is 
reminded that the profiles of enhancement of absorption were obtained by 
subtracting the intensity contribution of the base density H2 gas 
from the recorder traces. It must be pointed out here that Mactaggart 
(1971) has observed similar but more pronounced double transitions in the 
profiles of the enhancement of absorption of the first overtone band of 
H2 in H2 - Ar mixtures at high total densities around 1000 amagat and 
was able to do a more exhaustive study of the single and double transitions. 
He suggested that a possible mechanism for the double transitions is the 
trapping o£ two or more H2 molecules in a temporary cage of argon 
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molecules. Because of the limited range of foreign gas densities used 
in the present work, it was not possible to do a thorough investigation 
of the double transitions. 
The integrated absorption coefficient of the enhancements, 
faen(v)dv = (1/~) J~n(Il(v)/I 2 (v))dv, for the mixtures were calculated 
by numerical integration of the areas under the experimental profiles. 
The areas under the zero line were also estimated by assuming that the 
amount of radiation is linearly varying with the wave number as shown 
in Fig. 15. The quantities (1/p pb) Ja (v)dv) are listed in Table V, 
a en 
with the corresponding experimental conditions, and were also plotted 
against pb in Figs. 16 and 17. Considering the binary and ternary 
collisions, one can represent fa (v)dv by the relation, 
en 
I 
2 ' 2 
aen(v)dv = albpapb + a2bpapb + a2apapb 
As also observed by Mactaggart (1971), the absorption intensity is 
very sensitive to the base density of the hydrogen gas. This effect can 
be seen in Fig. 17, in which the base densities were as much as 30% 
different. Under this circumstance an extrapolation to the zero density 
limit of pb for the binary absorption coefficient without considering the 
2 papb term would be misleading. Again experiments with smaller pa, and 
thus necessarily greater pb, were restricted by the gas supply and 
pressure limit of the cell. 
4.2 Analysis of the Profiles of Enhancement of Absorption 
In Chapter 3, equation (3 - 1) was used to calculate the relative 
intensities of the quadrupolar lines of the fundamental band of H2 . 
The same equation (cf. Poll, 1970) is valid for the obertone bands as 
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TABLE V 
Absorption coefficients of H2 + Kr and H2 + Xe 
1 
Pa (amagat) pb (amagat) 
-- Ja(v)dv 
papb 
(x -5 10 em -2 -2 amagat ) 
H2 + Kr 
38.9 207 5.9 
309 7.0 
330 7.2 
346 7.2 
40.2 72.6 5.4 
117 5.8 
160 6.1 
208 6.2 
237 6.4 
267 6.5 
291 6.7 
43.5 157 5.5 
232 6.0 
285 6.4 
325 7.0 
354 7.4 
379 7.4 
401 7.3 
423 7.1 
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TABLE V (continued) 
1 
Pa (amagat) pb (amagat) 
-- Ja(v)dv 
papb 
(x -5 -2 -2 10 em amagat ) 
H2 + Kr 
34.2 57.1 4.9 
170 5.9 
245 5.9 
319 7.3 
382 7.5 
427 6.5 
42.3 56.5 7.0 
99.0 6.8 
143 6.5 
186 6.3 
218 6.2 
250 6.6 
H2 + Xe 
20.8 164 4.0 
243 6.1 
263 8.2 
278 9.9 
288 10 
297 11 
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TABLE V (continued) 
1 
p (amagat) pb (amagat) -- Ja(v)dv a papb 
-5 -2 -2 (x 10 em amagat ) 
H -Xe 2 
20.8 306 11 
312 11 
318 12 
28.0 189 3.4 
243 5.8 
260 9.9 
270 12 
281 14 
290 15 
297 16 
303 16 
309 15 
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well. The equation is written as 
a1 (quad) (4 - 1) 
where X is now simplified for the single transitions of the overtone 
band in H - Kr 2 and 
2 
; 00) 
mixtures as follows: 
2 
<OJ 1 I Q 1 I v 1' J 1' > (4 - 2) 
It is noted that the quadrupole moment Q2 of krypton and xenon [see 
Eq. (3 - 3)] is zero and their polarizabilities a 2 are constants. The 
other quantities in Eqs. (4 - 1) and (4 - 2) were defined earlier in 
Chapter 3. The quadrupole matrix elements <0 JIQI2J' > of H2 for 
the transitions Q2(l), Q2(2) and S2(J) with J = 0 to 2 were 
directly obtained from Birnbaum and Poll (1969) and those for the trans-
method given by Tipping and Herman (1970). These calculations are 
included as an appendix. All these matrix elements are tabulated in 
Table VI. The normalized Boltzmann factors P3 for H2 at 298 K are 
given . in Appendix A. The intensities of the quadrupolar lines relative 
to the S 2 (1) line obtained from Eq. (4 - 1) are given in Table VII. 
Also included in this table are the wave numbers of these lines, calculated 
from the constants of the free H2 molecule. 
In order to calculate the theoretical band profile, each component 
of the single-transition quadrupolar line was broadened with a Boltzmann-
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TABLE VI 
Matrix elements of the quadrupolar moment of H2 for its 1st overtone band 
(Birnbaum and Poll, 1970) 
J <OJIQI2J - 2> <OJ IQ I2J> <OJIQI2J + 2> 
0 - 0.01121 - 0.01166 
1 - 0.01125 - 0.01184 
2 - 0.01052* - 0.01132 - 0.01194 
3 - 0.00990* - 0.01146* - 0.01196* 
* Calculated by the method given by Tipping and Herman (1970). 
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TABLE VII 
Relative intensities of the single-transition quadrupolar 
lines of H2 in the first overtone region at 298 K 
Transition Calculated wave number Relative intensity 
02(3) 7488.2 0.037 
02(2) 7732.6 0.045 
Q2(3) 8017.2 0.051 
Q2(2) 8052.0 0.075 
Q2 (1) 8075.3 0.060 
Q2 (0) 8087.0 0 
s 2 (O) 8406.3 0.323 
s 2 (1) 8604.1 1.000 
s2 (2) 8784.9 0.149 
s 2 (3) 8946.6 0.100 
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modified dispersion line shape (Kiss and Welsh, 1959). Provision was 
made to incorporate frequency shifts of the component lines. Thus the 
line shape is represented as, 
+ 
= a (v) exp(- he ~v/KT) , v < v ' 
0 
(4 - 3) 
(4 - 4) 
where a(v) is the absorption coefficient free from the frequency factor 
v, i.e., a(v) = a(v)/v, [a(v) = (2.303/_Q,)loglO (I1(v)/I2(v))]. The 
quantity v' = 
0 
v + ~v is the shifted wave number for the transition, v 
m o m 
being the wave number of the transition of the free molecule and ~v 
0 
being the shift in wave number. a0 (v ') is the transition probability 
0 
at the peak position v ' of the line and a (v) and a+(v) are transition 
0 
probabilities at wave numbers v ' - ~v and v ' + ~v in the low- and 
0 0 
high-frequency wing, respectively. 
Profiles of the enhancement of absorption were analysed by means 
of a programme written for the IBM 370 computer. At a given density all 
the quadrupolar single-transition components were assumed to have the same 
half-width o. In the computer programme the parameters 8, the frequency 
shift ~v , the peak intensity a0 (v ') (the peak intensities of all 
0 0 
lines were expressed in terms of the intensity of the S2 (1) line) were 
left as adjustable parameters. The criterion for the best fit of the 
calculated profile to the experimental profile in any specified spectral 
region was that the sum of the squares of the deviations between the 
calculated and experimental profiles in that region be a minimum. The 
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spectral region 8100 - 8500 - 1 em had to be excluded for the fit 
because double transitions of the type Q1 (J) + Q1 (J) are evident from 
the experimental profiles. Furthermore, both high and low frequency wings 
could not be fitted because the observed absorption coefficient drops 
through zero and actually becomes negative. This kind of observation was 
mentioned in both Chapter 3 and earlier in this chapter, and will be 
further discussed in Chapter 5. Reasonable fit of the calculated profile 
to the experimental profile was obtained in the region around -1 8000 em 
tegion of Q2(J) transitions) and between 8500 to - 1 8700 em . Examples 
of the profile analysis for H2 - Kr and H2 - Xe mixtures are shown in 
Figs. 18 and 19. 
4.3 Results of the Profile Analysis 
(i) Frequency Shifts 
The frequency shifts of the quadrupolar lines of the first over-
tone band of H2 in H2 - Kr and H2 - Xe binary mixtures in the 
range of densities used in the present investigation were found to 
be negative and density-depeNdent (Tables VIII and IX). The shifts 
obtained are probably somewhat smaller than the actual shifts because 
of the neglect of the intensity contribution of the double trans-
in the calculated profile. Here double transitions are expected to 
fall near S 2 (1) line on the high frequency side. In Figs. 20 and 
21, -1 the frequency shifts (in em ) were plotted as functions of the 
density of the perturbing gas, krypton or xenon. In both cases, the 
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TABLE VIII 
Data of density versus half-width 8 and frequency shift ~v 
for the quadrupolar components of the first overtone band 
of H2 in H2-Kr mixtures at 298 K 
(amagat) (amagat) 8 -1 -1 Pa pb (em ) ~vo (em ) 
43.5 157 61.7 -14 
232 64.1 -18 
285 66.5 -20 
325 71.6 -22 
354 71.7 -22 
379 72.8 -23 
401 73.8 -22 
423 74.5 -23 
42.3 56.5 61.8 -12 
99.0 62.3 -13 
143 64.6 -13 
186 63.0 -16 
218 62.7 -17 
250 66.2 -19 
38.9 207 61.7 -16 
309 67.9 -20 
330 70.5 -21 
346 72.8 -22 
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TABLE VIII (continued) 
(amagat) (amagat) -1 -1 Pa pb 0 (em ) L'n>o (em ) 
40.2 72.6 59.9 -11 
117 63.3 -14 
160 61.6 -14 
208 63.8 -18 
237 65.7 -18 
267 67.4 -18 
291 66.4 -19 
34.2 57 57.8 -11 
170 63.6 -15 
245 64.4 -18 
319 71.4 -23 
382 86.2 -21 
427 75.8 -23 
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TABLE IX 
Data of density versus half-width o and frequency shift ~v 
for the quadrupolar components of the first overtone band 
of H2 in H2-xe mixtures at 298 K 
(amagat) (amagat) 0 -1 -1 Pa pb (em ) ~vo (em ) 
20.8 164 45.0 -14 
243 54.4 -20 
263 50.7 -25 
288 50.2 -31 
297 52.7 -33 
306 52.1 -35 
312 52.1 -35 
318 54.1 -35 
28.0 189 48.8 -16 
243 54.4 -20 
260 59.3 -25 
270 61.8 -30 
281 62.7 -33 
290 65.3 -32 
297 72.8 -35 
303 72.8 -35 
309 65.3 -34 
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observed shifts decrease at first and then level off with increasing 
density of the perturbing gas. Similar shifts were observed for the 
induced fundamental band of H2 with argon, krypton and xenon as 
perturbing gases (cf. Mactaggart 1971; also see Varghese; Ghosh and 
Reddy, 1972). In both the fundamental and the first overtone bands 
the frequency shifts, within the experimental accuracy, were observed 
to be the same for all the quadrupolar lines within a band. This 
means that the observed shifts are due mainly to a perturbation in the 
vibrational frequency we of the H2 molecule during collisions with the 
foreign gas molecules. The frequency shifts of the quadrupolar 
components of the first overtone band obtained in the present work are 
slightly more than twice the shifts observed for the corresponding 
components of the fundamental band (Mactaggart, 1971). 
The frequency shifts ~v of the quadrupolar lines could be 
0 
expressed in a density expansion by the relation 
(4 - 5) 
where p is the density of the perturbing gas. For both krypton and 
xenon the coefficient a is negative and coefficient b is positive, 
qualitatively. Determination of numerical values for these parameters 
is not warranted because of the considerable uncertainty caused by the 
effect of double transitions. 
May, Degen, Stryland and Welsh (1961) and May, Varghese, Stryland 
and Welsh (1964) observed density shifts of the Q1 (J) lines in the 
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Raman spectrum of hydrogen gas compressed to densities up to 800 amagat. 
According to them the linear coefficient a can be represented by the 
relation 
a (4 - 6) 
where K and K tt are positive constants representing the frequency 
rep a 
shift due to repulsive and attractive intermolecular forces, respec-
tively, and I 1 , I 2 are temperature dependent integrals. The negative 
values of a obtained for H2 - Kr and H2 - Xe in the present work show 
that the attractive forces predominate over the repulsive forces for 
these binary mixtures at room temperature, as expected. 
Improvement of the interpretation of the frequency shifts could be 
obtained by extending the analysis to include double transitions 
induced in ternary collisions. Experimentally, extending the ranges 
of temperatures and densities with different perturbers would be 
useful. 
(ii) Line Widths 
The line widths, 8, determined as adjustable parameters in the 
synthetic profiles, are also listed in Table VIII, and IX and were plotted 
in Figures 22 and 23 as functions of the perturbing gas density. These 
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"widths" are probably properly consiaered as a manifestation of the 
double transitions Q1 (J) + S1(0) and Q2 (J) + S 0 (1), situated near 
~2(1) but not resolved from it, and due to ternary collisions, rather 
than as real widths of the single transitions. The ambiguities in 
determining the widths, as well as shifts, could only be removed by new 
theoretical work explicitly accounting for relative intensities of single 
and double transitions, including induction by ternary collisions. 
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CHAPTER 5 
Apparent Collision-Induced Emission in Hydrogen 
5.1 Experimental Observations 
In all the experiments mentioned earlier in this thesis, one 
very peculiar phenomenon always happened in the regions where there 
were no strong molecular absorptions, that actually more signal reached 
the detector with the gas in the absorption cell than without. In one 
case the weak S2 (3) transition of the H2 - Xe mixture (Chapter 4) 
was actually below the zero line. Had we not changed the amplifier gain 
as mentioned in Chapter 4, a greater part of the H2 - Xe spectrum and 
even some of that of the H2 - Kr spectrum would have been under the zero 
line. 
This phenomenon was observed to a very small extent in H2 - Ar 
mixtures, and not at all in mixtures of neon and helium with hydrogen. 
Furthermore experiments with ~ 330 amagat of pure Kr and Xe showed 
small effect. 
Consistent results were obtained with different monochromators, two 
different amplifier systems, and PbS detectors operated at both room-
and liquid nitrogen temperatures. The possibility of the radiation from 
the detector to the cell caused by the detector looking at the colder cell , 
is eliminated by the use of detector operated at 77 K. In this case it 
also eliminated the possibility of the detector being cooled and thus more 
sensitive, say, by more absorption in the first pass region of the mono-
chromator. Besides, the filter in front of the monochromator also cuts 
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off all the first pass radiation, which is visible light in this case. 
The linearity of response of the detector and amplifier system was 
also checked. 
Under the same experimental conditions, the descrepancy is greater 
at the high wave number side than at the low wave number side of the 
first overtone band, and it is slowly and more or less regularly 
increasing with wave number. (No experiment with comparable gas density 
was done at the low wave number side of the fundamental band.) One most 
-1 peculiar feature is that in the region between 6800 to 7400 em a few 
broad peaks could be seen. These peaks do not occur in pure Kr and Xe 
experiments. The differences were greater for H2 - Xe than H2 - Kr 
and both were increasing with density. In pure H2 experiments at 77 K 
the peaks became quite distinct and their intensities were large 
enough to make measurements. Fig. 7 of Chapter 3 showed the spectrum 
with the U-line and wing of the fundamental band of pure H2 at 77 K. 
The graph is plotted with log 10 (I /I) against the wave number. The 0 
intensity difference is actually slightly greater than the absorption 
of the U transitions. This part of the spectrum is again shown in 
Fig. 24 at three different experimental gas densities. Three broad peaks 
can easily be seen, with the middle peak broader than the others, and 
perhaps looking as if it consists of two neighbouring peaks, at inter-
mediate densities. -1 The peaks occur at ~ 6875, 7030, 7090, and 7230 em 
-1 
and the half-width is estimated as ~ 70 em ; the peaks appear to merge 
and become less distinct at the higher densities. The density fluctuation 
of the gas at higher densities, causing random noise could have caused some 
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apparent smearing. 
In the plotting of the graph we have interpreted the intensity with 
log1oCI/I 0 ) in the usual way of treating an absorption intensity, in 
this case a negative absorption. Another way of interpreting the 
intensity is to measure the net intensity, (I- ! 0 ), in arbitrary units. 
The result of this plotting is shown in Fig. 25. The profiles are 
similar in general appearance to those in Fig. 24. 
The areas under Fig. 24, Jlog 10 (I/I 0 )dv, and under Fig. 25, 
Jcr- I 0 )dv were measured and tabulated in Table X and XI, respectively, 
with the corresponding gas density, and were plotted in Figs. 26, 
and 27 respectively. The results perhaps favour 
2 
Qc: p (5 - 1) 
The results of the least square fit of this equation is plotted with 
solid line in Fig. 26. 
It should be noted here, that because the extent of the spectra 
are not known, the area measurements were made between -1 6800 - 7340 em 
arbitrarily chosen. They do not represent integrated coefficient (or net 
intensity) of a band. 
These radiation peaks still occur in an experiment with P.E. 203 -
1104 filter in front of the light source, i.e., after cutting of£ all 
the radiation above 'V 8500 -1 em (right after first overtone) from 
entering the absorption cell. No filter that cuts off the first overtone 
but transmits the radiation region, nor filter that transmits the first 
overtone but cuts off the radiation region were available. 
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TABLE X 
Integrated radiation coefficient of H 2 at 77 K 
(amagat) J 1og 10 (I/I 0 )dv -1 p (em ) 
252 15.3 
363 34.5 
398 39.6 
411 34.0 
454 43.1 
482 50.2 
511 49.8 
534 60.7 
552 66.2 
566 85.2 
603 85.3 
637 116.9 
648 108.4 
668 116.9 
696 112.7 
697 112.7 
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TABLE XI 
Integrated net radiation intensity of H2 at 77 K 
p (amagat) ICI - I 0 )Ll\) (arbitrary unit) 
252 195 
363 424 
398 595 
411 463 
454 616 
482 590 
511 720 
534 720 
552 808 
566 597 
603 780 
637 936 
648 780 
668 936 
696 990 
697 990 
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Another experiment was made to observe the signal at 180° from the 
direction of the incident light. Reflected light from the windows in the 
absorption cell was the main signal when the cell was evacuated. When 
the gas was admitted to the cell, less signal c~ 10% less) reached the 
detector, as expected because of reduction in reflection loss at the inner 
surface. No radiation peaks or negative peaks were observed corresponding 
to the region where the peaks occur in the transmission experiments. 
A series of experiments was also made to find any peak in the low wave 
number side of the fundamental band with pure H2 at 77 K. No consistent 
result was found because impurity in the H2 gas happens to have very 
strong and broad absorption in the suspected region between 3000 to 
-1 3500 em . Although purification was attempted by passing the gas through 
low temperature traps, the results were still not definite. 
5.2 Speculations on the Causes of the Phenomenon 
(i) Changes in Reflectivity at the Window Surfaces 
When the absorption cell is filled with high density gas, the 
index of refraction is increased, so the reflectivity at the inner sur£aces 
of the windows of the absorption cell decTeases from that when it was 
evacuated. The decrease in reflection loss at these sur£aces will cause 
an increase in signal in spectral regions where no abso.rption occurs. Most 
spectroscopic studies with low pressure gases justifiably ignore ~he small 
correction that should be applied to account for this, but it obviously 
must be considered here. 
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For normal incidence, assuming a wave incident from a non-absorbing 
medium C11') on an absorbing medium of refractive index 11 - iK, the 
reflectiv~ty is 
R = (11' - 11) 
(11' + 11) 
2 2 
+ K 
2 
+ K 
An order of magnitude estimate of the contribution of anomalous 
dispersion owing to the adjacent collision-induced absorptions in hydrogen 
shows it is negligible, leaving 
• 
At 1.511 sapphire has a refractive index of 1.75, giving loss due to 
two windows of 15% in an evacuated cell. Hydrogen gas at a density of 
500 arnagat is estimated to have 11 = 1.08, giving reflection loss at 
two windows of 10%, so that the increase is ~ 5% in transmission 
intensity. This correction of course depends on the composition and 
density of gases in the cell, but cannot account for signal increases which 
reached as much as 35%, and is ~ 20% throughout the region between 
the U(l) transitions and the first overtone band with ~ 660 arnagat of 
(ii) Radiative Emission from Hydrogen 
Spectra taken in the region between the U(l) transitions and 
the first overtone band show considerable intensity increases, apparently 
including peaks, in mixtures of H2 - Kr and H2 - Xe, but smaller increases 
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in the same region of spectra of the pure perturbing gases and without 
peaks. A possible implication is that collision-induced emission from 
hydrogen is the source of the extra intensity, and that since it is a very 
small effect, it is only apparent in spectral regions where absorption 
is absent, or very weak. (It does not seem any more plausible to blame 
an impurity for the effect, because emission would still be require~) 
Although this postulated emission evidently occurs throughout the spectral 
regions from below the fundamental band to frequencies above the first 
overtone, the observation of apparent peaks in the region between the 
U(l) transitions and the first overtone encourages parti.cular speculation 
about that part of the spectrum. 
The breadth of the peaks is consistent with the speculative collision-
. d d · · 1 t. In fact the A . 70 cm- 1 w1"dths are 1n uce em1ss1on exp ana 1on. v 
consistent with widths of quadrupole induced absorption widths at 77 K. 
2 The apparent p dependence of integrated intensity may not necessarily 
be taken as evidence for the postulated mechanism, since the density 
dependence of the over-all process must include both the population of 
the upper states and non-radiative processes for de-excitation of those 
upper states as well as the emission process itself. It is known from 
direct measurements using stimulated Raman scattering (Ducuing et al. 
1970, Audibert et al. 1974) that the vibrational relaxation time for H2 
for our experimental density and temperature ranges may be of the order 
of 10 ~sec. This long time allows rv 10 7 collisions and suggests 
that collision-induced emission is possible in principle. Experiments 
with filters limiting the spectral input to the cell are consistent with 
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speculation that these peaks correspond to emission from levels with 
v = 2 to v = 0 lower levels. This assumes population of the upper 
levels by collision-induced absorption. Several possible complicating 
factors would make even tentative specific assignments of the peaks unwise. 
Some of these are as follows: 
1. Peak positions may not correspond to band origins, 
2. Density dependent frequency shifts may occur, 
3. Double transitions are probable, 
4. Upper state J levels are not known (though one would anticipate 
J = 0 and 1 dominant, since rotational relaxation would be 
expected to be much faster than vibrational relaxation), 
5. Two or more transitions might overlap one another, and 
6. Location of the peaks experimentally is somewhat uncertain because 
of their weakness and breadth, and noise due to density 
fluctuation of the gas in the cell. 
If the possibility of radiative emission were accepted, then one might 
further speculate on the relative importance of spontaneous and stimulated 
emission. A quick reaction, and probably the correct one is that stimulated 
emission is very improbable with the relatively weak intensity of the source 
in these experiments. However, the geometry of the experiment certainly 
favours stimulated emission somewhat. Since the apparatus is designed for 
absorption experiments, the cell is long (2m) and of small aperture 
(0.5 x 1.0 em.) Thus a small fraction of isotropically emitted spontaneous 
emission could be collected and passed through the monochromator to the 
detector. On the other hand, this geometry favours stimulated emission in 
the sens e that such emission is directed along the same direction as the 
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stimulating radiation, i.e., along the light guide within the cell, in 
the same way that it is intended to be used for absorption studies. 
Nevertheless, qualitative arguments and order-of~magnitude estimates lead 
one back to the conclusion that the spontaneous process is more likely. 
In this connection it is interesting to note the proposal for a 
collision-induced laser using H2 - Xe mixtures but pumped by an electron 
beam, (Christiansen and Greenfield, 1973). 
Then the question becomes - Is it possible to see the spontaneous 
process? Again only an order-of-magnitude estimate is possible (Courtesy 
of Prof. J. D. Poll). If one assumes that all depopulation of the upper 
states is radiative, and that transition probabilities are the same for 
the absorbing and emitting transitions (J dependence would actually make 
the~ somewhat different), and considers that geometry of the cell and 
collecting optics, then one concludes that the integrated intensity of 
emission in one band might be of the order of 10-s- 10- 6 times the 
integrated absorption for the same band. This seems to agree roughly with 
observations. 
An experiment intended to provide more information about this last 
question was suggested by the idea that population of optically excited 
states will decrease exponentially along the length of the cell, following 
Beer's law. Thus observation of stimulated radiation would be favoured 
by the long cell, since the stimulating radiation would not be absorbed 
and would traverse the cell without attenuation, in fact with increasing 
intensity. On the other hand spontaneously emitted light, isotropically 
emitted, would be stronger in the backward direction, for a cell long 
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enough and absorption strong enough to give an appreciable gradient in 
excited state population along the length of the cell. Accordingly, 
radiation emerging from the cell was observed in the direction at 180° 
from the incident beam. No peaks were observed in this spectrum; the 
intensity decreased by ~ 10%, which is about the same as calculated by 
considering the reflection from all four windows, with and without gas in 
the cell. 
In summary, in certain spectral regions more radiation reaches the 
detector when gas fills the cell than when it is evacuated, decreased 
windowreflection doesn't seem to explain the difference, and the discrepancy 
is speculated to be accounted for by collision-induced emission. 
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APPENDIX A 
Normalized Boltzmann factors for normal hydrogen 
at different temperatures 
The normalized Boltzmann factor P3 is defined (Poll, 1970) as 
PJ = (2J+l) P(J) 
-1 (2J+l) (- EJ/KT) z gJ exp (A-1) 
It is normalized such that 
L: p = 1, 
J J 
(A-2) 
-1 
where E3 = J(J+l)B0 he and B0 = 60.9 em is the rotational constant of H2 
in the ground vibrational state. g3 = 1,3 for J even, odd and Z is the 
rotational partition function. 
For normal hydrogen, the ortho-para ratio is constant and equal 
to that at room temperature, L: P3 (room temperature) : 
odd J 
temperature) = 3:1. 
L: P3 (room 
even J 
-98-
TABLE A 
Normalized Boltzmann factors for normal hydrogen 
T J PJ 
77 K 0 0.249 
1 0.750 
2 0.001 
3 
298 K 0 0.133 
1 0.667 
2 0.114 
3 0.082 
4 0.003 
5 
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APPENDIX B 
Binary absorption coefficient due to electrostatic-induction 
between two homonuclear diatomic molecules* 
Using the first two non-vanishing terms in a multipole expansion, 
+ + 
the electrostatic field at a point P, a position R(R,~1) away from the 
center of mass of a homonuclear diatomic molecule can be obtained in a 
space-fixed coordinate system as 
E 4TI/3 L ---K 17 
+ 4TI/5 L 
li1 
' 
' 
' 
' 
' 0 
Jl..y 
R4 2m 
_!!_y 
R6 4m 
(~1) y3-m+K 
(~1) y 5 -m+K 
Q 
p 
I 
0 
(~) C(213; - mK) (-)m 
(~) C(415; - mK) (-)m 
*An extra term (hexadecapolar term) is simply added to the notes from 
Poll (1974). 
(B-1) 
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Here Q and H are quadrupole and hexadecapole moments of the molecule, 
respectively • If a second molecule with polarizability a is placed at 
the point P, it will be polarized and the induced dipole moment is 
(1) 
lJK 
(2) 
a 
K 
(B-2) 
The a is most conveniently expressed in a coordinate system with z-axis 
pointed along the internuclear axis of the second molecule. In this co-
ordinate system the spherical components of a are 
a 
v 
=- a/3 C(llO; v-v) + y/i C(ll2; v-v) (B-3) 
where a is the isotropic part of the polarizability and y is the anisotropy 
of the polarizability. If one transforms eq. (B-1) to the new coordinate 
system, substitutes into eq. (B-2), then returns to the original system, 
then the dipole moment ·components are 
a 
v 
+ 4TT H~ ; . (-)K'+~ }l; [z~:J~ c(41S; - ~K') C(llj; K'-K} 
R VK ll] 
-+ 
x Y. ' (st2) Ys J K-K K'-lJ 
a 
v 
(B-4) 
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Using the Clebsch-Gordan relations 
C(llO; v-v) = (-)l-v [;f" 
C(ll2; \)-\)) = (-1) 1-\) II (3 \) 2 - 2) (B-5) 
2 
and ~ C(ll2; \)-\)) = 1, summing over \) and specializing the original co-
\) 
-+ 
ordinate system so that its z-axis points along R (intermolecular direction), 
4 '1T it y 2 Hl <:' -+ + , ~ C(415; - l.ll.l) C(ll2; l.l-K) Y4,, (w1 ) 5 R6 l.l 1-' 
Similarly for l.l( 2),by just interchanging the subscripts 1 and 2. For the 
K 
total;= ;{l) + l-1( 2), we have in terms of coefficients D , 
K 
1 I = 4'1T 
t-<K " D K (B-7) 
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and so comparing this to (B-4) we have 
Y1Q2 [f 
D (2 K-11 2 11) = - --4- 52 C(213; - 1111) C(ll2; 11-K) 
K R 
D (00 4 K) 
K 
a.1H2 
---4- IS (-)K C(415; - KK) 
R 
Y2H1 II D (4 K 2 K-11) = --6- c ( 415; 1111) C(ll2; 11- K) K R 
Y1H2 [f D (2 K-11 4 K) = - --6- c ( 415; 1111) C(ll2; K R 
where K and 11 can take values 0, ±1. 
Substituting into the binary absorption coefficient 
2 
4n e 
11-K) (B-8) 
\) r~~J [~~J = 31iC L L PJl PJ2 C(Jl:\lJl'; 00) :\1A.2 J1J2 
Li\. 
X C(J2:\2J2'; 00)2 foo IB(:\l:\2LJ\.) 12 g(R) 
0 
2 
x 4n R dR (B-9) 
2 
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where 
B (A 1 A 2 Li\.) = I v 1 J 1 I < v 2 J 2 I A (A 1 A 2 Li\.) I v 2 ' J 2 ' > I v 1 ' J 1 ' > 
(B-10) 
and 
~ 
= [2~+1 J 2 I 
KJ.l1ll2 
(B-11) 
leads to the solution in Chapter 3 (equation 3 - 8) in which the Clebsch-
Gordan coefficients (Rose~ 1957) are 
2 
C(J 0 J'; 00) = oJJ' 
2 
C(J 2 J-2; 00) = 3J (J-1) 2(2J-1)(2J+l) 
2 
C(J 2 J; 00) 
C(J 2 J+2; 00) 
C(J 4 J-4; 00) 
C(J 4 J-2; 00) 
2 
c (J 4 J; 00) 
C(J 4 J+2; 00) 
C(J 4 J+4; 00) 
2 
2 
2 
= 
2 
2 
J(J+l) 
( 2J -1 ) ( 2J + 3) 
= 
3 (J+l) (J+2) 
2(2J+l)(2J+3) 
= 
35J(J-3)(J-2)(J-l) 
3(2J-5)(2J-3)(2J-1)(2J+l) 
= 
SJ(J-2)(J-l)(J+l) 
2(2J-5)(2J-1)(2J+l)(2J+3) 
9J(J-l)(J+l)(J+2) 
4(2J-3)(2J-1)(2J+3)(2J+S) 
= 
SJ(J+l)(J+2)(J+3) 
2(2J-1)(2J+l)(2J+3) (2J+7) 
= 
35(J+l)(J+2)(J+3)(J+4) 
8(2J+l)(2J+3)(2J+5)(2J+7) (B-12) 
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APPENDIX C 
Quadrupole-moment matrix elements of H2 in supplement to the 
matrix elements given by Birnbaum and Poll (1969)* 
Herman et al. (1970) have developed analytic expressions for 
vibration-rotation wave functions for gound electronic state diatomic 
molecules having an arbitrary internuclear potential expressed as a power 
series about the equilibrium separation. Using these wave functions, the 
matrix elements for ~v = 2 can be expressed (Tipping and Herman, 1970) as 
< 2J' I Q I OJ 2 > < 20 I Q I 00 > 2 F~ (m) (C-1) 
where F2 (m) is a complicated expression, but can be written in short as 0 
2 2 F0 (m) = 1 + mA + m B (C-2) 
J'(J'+l)- J(J+l) 
where m = 2 , A and B are J dependent constants; eq. (C-]) 
can be rewritten as 
< 2J' I Q I OJ > < 20 I Q I 00 > [1 + mA + m2B]~ (C-3) 
Instead of doing complicated calculations, A and B may be obtained by 
fitting matrix elements from Birnbaum and Poll (1969) to (C-3), and extrap-
olating to obtain < 03 I Q I 25 >, < 02 I Q I 20 > and < 03 I Q I 21 >. 
Matrix elements computed by this extrapolation were found to agree within 
2 1% with results using A, B and F0 (m) calculated by the method of Herman et 
al. (1970) with Q expressed in term of power series of 
*Method suggested by R. H. Tipping. 
r-r 
e 
r 
e 
This expression 
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does not work for the Q-branch, as m would always equal 0, so 
< 03 I Q I 23 > was obtained instead by means of extrapolation with 
< 2J I Q I OJ > < 20 I Q I 00 > [1 + J(J+l)A] (C-4) 
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Collision- Induced Fundamental Band of H2 in H2- He and H2- Ne 
Mixtures at Different Temperatures 1 
S. PADDI REDDY AND K. S. CHANG 
Department of Physics, Memorial University of Newfoundland, St. John's, Newfoundland, Canada 
The collision-induced fundamental infrared absorption band of hydrogen in binary mixtures 
H2-He and H2-Ne at 77, 195, 273, and 298 K has been studied with absorption path lengths of 
27 and 105 em for gas densities up to 530 amagat for several base densities of hydrogen. In 
each of these mixtures the enhancement absorption profiles show, in addition to the usual 
splitting of the Q branch into the main Qp and QR components, a splitting of the S(1) line 
into the Sp(1) and SR(1) components at all the experimental temperatures and a secondary 
splitting of the main Qp component into the Qp(3) and QR(3) components at 273 and 298 K. 
The profiles of H2-He at 77 K also show a splitting of the S(O) line into Sp(O) and SR(O). Inte-
grated absorption coefficients were measured and binary and ternary absorption coefficients 
were derived. Van Kranendonk's theory of the 'exponential-4' model for the induced dipole 
moment was applied to the experimental binary absorption coefficients. The quadrupolar 
parts of these coefficients were calculated from the known molecular parameters and were 
then subtracted from the experimental values to obtain the overlap parts. The overlap parame-
ters A and p, giving respectively the magnitude and range of the overlap moment, were de-
termined for each of the mixtures by obtaining the best fit of the calculated overlap part of 
the binary absorption coefficient as a function of temperature to the experimental values of the 
overlap parts. The values of A, p, and JJ.(o-) (the overlap induced dipole moment at the Lennard-
J ones intermolecular diameter u) are as follows: 
Mixture A. 
5.6 X l0-3 
9.0 X l0-3 
p 
o.24A 
o.29A 
INTRODUCTION 
JJ.(cr) 
2.92 X l0-2 eao 
4.85 X 10-2 eao 
An isolated homonuclear diatomic molecule in its electronic ground state has no 
permanent electric dipole moment on account of the sy1nmetry of its charge configura-
tion. Consequently, unlike a polar molecule, it has no electric dipole absorption at its 
rotational or vibrational frequencies . However, an electric dipole moment can be in-
duced in two or more colliding molecules by intermolecular forces because of an asym-
metric distortion of the electron charge distribution during collisions. This induced 
dipole moment is modulated by the rotation, vibration, and relative translational 
motion of the colliding molecules and causes the phenomenon of collision-induced 
absorption in which normally forbidden molecular transitions occur. Broad and d iffuse 
1 This research was supported in part by a grant (S. P. R.) from the National Research Council of 
Canada. 
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bands arising from collision-induced absorption were first observed in compressed oxygen 
and nitrogen by Crawford, Welsh, and Locke (1) and in compressed hydrogen by Welsh, 
Crawford, and Locke (2) in the regions of their fundamental vibrational frequencies. 
The collision-induced fundamental band of gaseous hydrogen has been studied over 
wide ranges of pressure and temperature and its general characteristics are mostly well 
understood [cf. Varghese and Reddy (3) and Varghese, Ghosh, and Reddy (4) and 
the references therein]. 
The general theory of the collision-induced absorption of the fundamental band of 
homonuclear diatomic gases has been given by Van Kranendonk (5, 6) who used the 
so-called 'exponential-4' model for the dipole moment induced by a colliding pair of 
molecules and the Lennard-Janes 12- 6 potential for the intermolecular potential of 
the pair. According to the 'exponential-4' model the dipole n1.oment induced in a collid-
ing pair of molecules is considered to be the sum of two additive moments, each of them 
being a distinct function of the intermolecular separation R. One is the isotropic short-
range electron overlap moment and is given by 
1-'overlap (R) = 1-'o exp (-R / p) 
= J..'(CT) exp[- (R- CT) j p] 
= f...eCTexp[-(R- CT) j p]. 
(1) 
In this model the overlap dipole moment is characterized by the parameters 1-'o and p 
or p,(CT) and p or A and p. In Eqs. (1) f...[= (J..'o/ eCT) exp( -CT/ p) = J..'(CT) / eCT] is a dimension-
less quantity which represents the magnitude of the overlap moment when the inter-
molecular separation is CT [corresponding to the Lennard- Jones intermolecular po-
tential V(CT) = 0], pis the range of the overlap moment and e is the electronic charge. 
The second moment is the anisotropic long-range moment resulting from the polariza-
tion of one molecule by the quadrupole field of the other and may be represented by 
(2) 
Here Q1' and a1' are respectively the derivatives of the quadrupole moment and polariza-
bility of molecule 1 with respect to its internuclear distance, and Q2 and a 2 are the 
quadrupole moment and polarizability of molecule 2. The short-range moment con-
tributes to the intensity of the broad Q lines (i.e., Qoverlap) (LlJ = 0) and the long-range 
moment produces the S(LlJ = + 2), Q (i.e., QQ; LlJ = 0), and O(LlJ = - 2) lines. 
The quadrupolar induction part of the binary absorption coefficient of a given collision-
induced band can be calculated from the theory in terms of known molecular constants 
of the colliding pairs. The parameters A and p can be determined by fitting the theoretical 
binary absorption coefficient as a function of temperature to the experimental values of 
the binary absorption coefficient at several temperatures. For the pure hydrogen gas, 
this procedure was carried out by Hunt (7) [see also Van Kranendonk and Kiss (8)] 
for the experimental values of the binary absorption coefficients at 195 and 300 K and 
the values of A and p were determined for the H 2- H 2 pair. However, prior to the present 
work, this type of fit has not been attempted for the binary mixtures of H 2 with foreign 
gases because of the inadequacy of the accurate values of the binary absorption co-
efficients over a wide temperature range. 
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The present investigation was designed to obtain reasonably accurate values of the 
binary absorption coefficients of the fundamental band of H2 in Hz- He and H2- Ne 
at four different temperatures in the range 77- 298 K and to estimate the overlap param-
eters A. [and, hence, ,u(o-)] and p for these two mixtures. The present work on H 2- He 
at 195 K and 298 K and on H 2- N e at 298 K is con1plimentary to the work of the pre-
vious investigators at McLennan Laboratory, University of Toronto [Chisholm and 
Welsh (9), Hare and Welsh (10), and Hunt (7)] and to that of Reddy and Lee (11) 
in our laboratory, respectively. Since the polarizabilities [a2 in Eq. (2)] of He and N e 
are small and their quadrupole moments [Q2 in Eq. (2)] are zero, the main contribution 
to the absorption coefficients comes fron1 the overlap parts (the reader will find later 
in this paper that the overlap part in these two 1nixtures contributes 84 to 97% to the 
total binary absorption coefficient in the temperature range 77- 298 K). Moreover, 
since H 2, He, and N e remain gaseous down to very low temperatures, the two binary 
mixtures under consideration provide a unique opportunity to study the behavior of 
the distortions of the electron clouds of the Hz- He and Hz- N e pairs over a wide range 
of temperatures. Actually, the band was studied in the two mixtures for gas pressures 
up to 200 atm at 77, 195, 273, and 298 K. Integrated absorption coefficients were mea-
sured and the binary and ternary absorption coefficients were determined. The quad-
rupolar parts of the binary absorption coefficients were calculated from the theory 
(6) in terms of the molecular constants of the gases. In these calculations the matrix 
elements of the quadrupole 1non1ent of H2 between the vibrational states v = 0 and 1, 
(OJ I Q I1J') which have been found to be sensitive to the initial and final rotational 
quantum numbers J and J' of a transition [Karl and Poll (12) and Birnbaum and Poll 
(13) J were used. The overlap parts of the binary absorption coefficients were then ob-
tained by subtracting the quadrupolar parts fron1 the experimental values. The param-
eters A., ,u(o-), and p were determined for each of the mixtures by obtaining the best 
fit of the theoretical overlap parts of the binary absorption coefficients as a function of 
temperature to the experimental value ' of the overlap parts. 
EXPERIMENTAL 
Two transmission-type absorption cells were used to study the fundamental band 
of H 2 in binary mixtures of hydrogen with helium and neon. The first of these was used 
to study the band at 298, 273, and 195 K for gas densities up to 250 amagat. It was 
constructed of a stainless steel tube with a central bore of diameter 0. 75 in. and a wall 
thickness 0.13 in. It has a sa1nple path length 105 em and was provided with a stainless 
steel light guide of rectangular cross-section 1 em X 0.5 em. It was fitted with polished 
synthetic sapphire windows 1 in. in diameter and 0.5 em thick. For the experiments at 
low temperatures the cell was provided with a cylindrical jacket, 3.4 in. in diameter and 
made of galvanized tin sheet, to contain the coolants. The jacket was insulated by a 
2-in. layer of styrofoam. Frosting on the windows was prevented by providing a vacuum 
chamber at each end of the cell. These vacuun1 chambers were constructed of plexiglass 
and provided with quartz windows. The coolants used with the cell were ice (273 K) 
and dry ice-alcohol mixture (195 K). 
The second cell which was used to study the band at liquid nitrogen temperature 
(77 K) for gas densities up to 540 amagat has a sample path length 27 em at room 
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temperature. It was constructed of a stainless steel cylinder 3.2 in. in diameter with a 
central bore having a diameter 0. 75 in. The details of the light guide and the windows 
of the cell are similar to those described for the first cell. The vacuum chamber at each 
end of the cell was made of stainless steel extension fitted with a plexiglass tubing to 
which a sapphire window was sealed. Frosting on the outer windows was prevented by 
passing current in the heating coils attached to the plexiglass tubings. 
A water-cooled tungsten filament lamp with a sapphire window, prepared from a 
standard General Electric 7 50 W projection bulb filament, served as the source of in-
frared radiation. A Perkin- Elmer Model 112 single-beam double-pass spectrometer 
equipped with a LiF prism was used to record the spectru1n of the band at 195, 273, 
and 298 K with the 105 em absorption cell. To obtain the spectrun1 at 77 K with the 
second absorption cell, a Perkin- Elmer Model 112 G single-beam double-pass spectrom-
eter in the first order of a Bausch and Lomb grating with 300 lines / mm blazed at 3.0 J.L 
was used. An uncooled PbS detector was used with both spectrometers. The slits of 
the prism and grating spectrometers maintained respectively at 50 and 160 J.L gave 
spectral resolutions of '"'--'4.0 cm- 1 and 1.6 em-\ respectively, at the position of Q(O) 
(4161 cm-1) of the fundamental band of H 2. The spectral region was calibrated with the 
emission lines of mercury (14, 15) and neon ( 16) and the absorption peaks of at1nospheric 
water vapor (15, 17) and 1-, 2-, 4-trichlorobenzene (18). The low- and high-frequency 
wings of the hydrogen fundamental band are overlapped by strong atmospheric water-
vapor absorption. The effect of this absorption was reduced considerably by flushing 
the entire optical path outside the absorption cells with carefully dried air. 
The procedure to obtain profiles of enhance1nent of absorption of the fundamental 
band of H2 in binary n1ixtures of hydrogen with heliu1n and neon was similar to the one 
described by Reddy and Lee (11). 'Ultra-High Pure' hydrogen and research grade neon, 
both supplied by Matheson of Canada, and con~mercial grade helium, supplied by 
Canadian Liquid Air, were used in the experiments. All the gases were further purified 
by slowly passing then1 through a liquid nitrogen trap. In a given experiment the base 
density of hydrogen was kept constant and the enhancement of absorption of the funda-
Inental band was studied for a series of pressures of the binary gas mixtures of hydrogen 
with helium or neon. For the experi1nents with the 105 em cell two thermal compressors 
were used to develop the required pressures of helium and neon and for those with the 
26.7 em cell a mercury-column gas con1pressor was used instead. 
The densities of hydrogen at 298, 273, and 195 K were obtained from its isothermal 
data given by Michels et al. (19). Its densities at 77 K for pressures up to 100 atm were 
taken directly from Dean (20) and those for pressures above 100 atm were deduced from 
the equation of state for H 2 whose virial coefficients at 77 K were calculated by a least-
square polynomial fit of each of the coefficients as a function of temperature (19). The 
densities of helium at 298 and 273 K were obtained from Michels and Wouters (21). 
Its densities at 195 and 77 K for pressures up to 100 atm were taken from Mann (22) 
and those for pressures above 100 atm were extrapolated using the virial equation 
of state of gases (23) whose coefficients were determined from the available iso-
thermal data up to 100 atm. The densities of neon at 298 and 273 K were taken from 
Michels et al. (24) and those at 195 and 77 K were determined from the data given by 
Tim1nerhaus (25). For a given experiment the base density P a of hydrogen was directly 
obtained from its isothermal data and the partial densities Pb of helium or neon in a 
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binary mixture with hydrogen were obtained b y the interpolation method described by 
Reddy and Cho (26). 
The enhancement in the absorption coefficient per unit path length a en (v) at a given 
wave number v in cm- 1 due to the addition of a perturbing gas at a density Pb into the 
absorption cell of sample path length l containing hydrogen at a fixed base density Pa 
is given by 
(3) 
(i.e., Iz(v) = I1(v) exp[ -aen(v)l]), where I1(v_) is the intensity transmitted by the 
absorbing gas in the cell and Iz(v) is the intensity transmitted by the binary gas mixture 
in the cell. For each experiment background recorder traces were taken with a known 
base pressure of hydrogen in the cell. The pen deflection for infinite absorption, i.e., 
for zero radiation entering the spectrometer, was checked several times during the 
experiment. The recorder traces were reduced with the help of a standard logarithmic 
scale by measuring log10[I1(v)/ I 2 (v)] at intervals of 5 cm-1 in the regions of the band-
origin and the S (1) line and at intervals of 10 cn1-1 in the rest of the spectral region of 
the band. For some experin1ents I 1 (v) and I 2 (v) were read directly from each trace of 
enhancement and the values of log10 (I1/ I2) were derived later. The integrated absorp-
tion coefficients of the band per unit sample path length faen(v)dv in cm-2 were ob-
tained from the areas under the profiles of the enhancement of absorption. 
EXPERIMENTAL RESULTS 
For experiments with each perturbing gas He orNe, several base densities of gaseous 
H 2 in the range 11 to 60 amagat were used. The experimental conditions under which 
the profiles of the enhancement of absorption were obtained are summarized in Table I. 
First, the experimental profiles of the band are presented, their features are discussed, 
and then the binary and ternary absorption coefficients of the band are derived. 
Mixture 
H2- He 
H r He 
H 2-He 
H 2-He 
H 2-Ne 
H2- Ne 
H 2-Ne 
H 2-Ne 
TABLE I 
SUMMARY OF E X PERIMENTAL CONDITIONS 
Sample path l\IIaximum den-
Temperature length of si ty of the per-
(K) the cell turbing gas 
(em) (amagat) 
298 105.2 160 
273 105.2 240 
195 105.0 210 
77 26.6 450 
298 105.2 90 
273 105.2 100 
195 105.0 180 
77 26.6 510 
Number of 
mixture 
densities 
24 
37 
16 
14 
17 
15 
16 
18 
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0.4 
0 .3 (a) 
0 .2 
0 . 1 
N 
~ 0 . 1 
...... 
0.1 
(d) 
0(2) S(O) S(l) S(2) s (3) 
NUMBER (cm1) 
FIG. 1. Profiles of the enhancement of absorption of the collision-induced fundamental band of H2 
in H2-He mixtures: 
T l PH2 PHe for (i) (K) (em) (amagat) (amagat) 
(a) 298 105.2 18.7 138 
(b) 273 105.2 13.1 232 
(c) 195 105.0 14.4 207 
(d) 77 26.6 59.3 450 
Profiles of the Enhancement of Absorption 
Profiles of H2- He Mixtures 
PHe for (ii) 
(amagat) 
79 
85 
111 
104 
Exa1nples of typical sets of enhancement absorption profiles of the band obtained 
in H2-He mixtures at 298, 273, and 195 K with the 105 em cell and at 77 K with the 27 
em cell are presented in Fig. 1. At each temperature values of log10 (I1/ I 2 ) are plotted 
against wave number ( cm-1) for two representative total densities of the mixture with 
a fixed base density of hydrogen. The positions of the transitions 0(2), Q(J), and S(J) 
with J = 0 to 3, calculated from the constants of molecular hydrogen obtained from 
the high resolution Raman data of the low pressure gas (26), are marked on the wave 
number axis. 
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In all these profiles the main dip of the Q-branch occurs at the position of the Q(1) 
Raman line (4155 cm-1), as observed by the earlier investigators. The separation 
!:ivpRmax between the peak positions of the main Qp and QR components increases with 
the increasing density of the mixtures. For the profiles (ii) in Fig. 1, /:ivpRmax are 90, 
120, 90, and 105 cm-I, at temperatures 298, 273, 195, and 77 K, respectively. It is seen 
that as the temperature of the mixture is lowered the intensity of the lower frequency 
component Qp falls off more rapidly than that of the higher frequency component QR. 
This is because the individual collision-induced transitions exhibit a Boltzmann relation 
between intensities of the high- and low-frequency wings [see, for example, Ref. ( 4)]. 
In addition to the usual main splitting of the Q branch into the Qp and QR components 
at all experimental densities and temperatures in H2- He, a secondary splitting of the 
main Qp con1ponent is observed for all the contours at 298 K and for the contours at 
lower densities of the mixtures at 273 K. As the dip corresponding to this splitting 
occurs at the position of the Q(3) Raman line (4126 cm-1), its low- and high-frequency 
components are referred to as Qp(3) and QR (3). The observation of this dip suggests 
that each one of the components of the Qoverlap(J) (J = 0, 1, 2, 3, · · ·) of the Q branch 
has a profile similar to the Bjerrum double band with the dip occurring at the correspond-
ing molecular frequency Q(J). The dips corresponding to Q(O) (4161 cm-1) and Q(2) 
(4143 cm-1) do not appear on the present experimental traces because of their proximity 
to the more intense Q(1) line (4155 cm-1) and of the diffuse nature of the overlap com-
ponents. However, these two dips have been recently observed in our laboratory (4) 
in the profiles of the fundamental band of H2 in binary mixtures of para H2 with Ar, 
Kr, and Xe. It is seen in Fig. 1 (a) that the intensity of Qp(3) is less at lower density and 
more at higher density than the corresponding intensity of QR (3). This can be explained 
on the basis of the increase in the peak separations of the individual Qp(J) and QR(J) 
components with increasing density of the mixture. For the contours at 273 K [Fig. 
1 (b)] the splitting of the Qoverlap (3) component into Qp(3) and QR (3) disappears as the 
density of the mixture is increased. 
The striking feature of the S(1) line at all the four experimental temperatures is its 
splitting into the low- and high-frequency components Sp(1) and SR(1) with the mini-
mum occurring at the position of the calculated S(1) Raman line (4713 cm-1). This 
splitting of the profiles at lower densities at 77 K is not well pronounced; at lower 
densities the Sn (1) peak occurs at positions about 35- 40 cm- 1 higher than that of the 
S(1) Raman line with no indication of Sp(1) peak. 
For the profiles of H 2- He at higher densities in the experiments at 77 K, there is a 
clear indication of the splitting of the S(O) line into Sp(O) and SR(O) components with 
the minimum between them occurring at the position of the calculated S(O) Raman line 
(4498 cm-1). This is the first time that such a dip has been observed for the S(O) line of 
the collision-induced fundamental band of gaseous hydrogen. 
Profiles of H 2-.LV e Mixtures 
Representative sets of enhancement absorption profiles of the H2 fundamental band 
obtained in H 2- Ne mixtures at 298, 273, and 195 K with the 105 em cell and at 77 K 
with the 27 em cell are given in Fig. 2. The behavior of the main splitting of the Q 
branch into Qp and QR in H 2- N e mixtures at all the four experimental temperatures is 
FUNDAMENTAL BAND OF H 2 29 
0 .3 (a) 
0 . 1 
-N 0 . 1 
....... 
......... 
....... 
Q 
C> 
0 
_J 
0 . 1 
(d) 
0 . 1 
0(2) Q(3) Q(2) Q(l) Q(O) S(O) S(l) 
WAVE NUMBER (cm1) 
S(2) S(3) 
FrG. 2. Profiles of the enhancement of absorption of the collision-induced fundamental band of H2 
in H 2-Ne mixtures: 
T l PH 2 PNe for (i) PNe for (ii) (K) (ern) (amagat) (amagat) (arnagat) 
(a ) 298 105.2 15.0 89 47 
(b ) 273 105.2 14.1 100 52 
(c) 195 105.0 13.8 149 80 
(d ) 77 26.6 36.2 445 109 
similar to that discussed previously for the H2- He mixtures. For the experimental 
profiles (ii) in Fig. 2, the separations .t1vpRmax are 85, 80, 85, and 100 cn1.-1 and at tem-
peratures 298, 273, 195, and 77 K, respectively. One additional feature of the Q branch 
in H 2- Ne mixtures at 77 K is the appearance of the (quadrupolar) QQ component at 
high densities of the mixture. At 77 K, only the two lowest rotational states J = 0 
(para H 2) and J = 1 (ortho H 2) are populated. For the enhancement absorption profiles 
of the band in binary mixtures of hydrogen with monoatomic perturbing gases, only 
single transitions can occur for the QQ components as well as for the S lines. Since the 
quadrupolar single transition J = 0--7 J' = 0 is forbidden, the only quadrupolar 
component that occurs at 77 K is QQ(1). 
The splitting in the main Qp component of the Q branch into Qp(3) and QR(3) is 
also observed for the profiles of H 2- N e at 298 and 273 K for higher densities of the mix-
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tures. The splitting of the S(1) line into Sp(1) and SR(1) is very marked at 298, 273, 
and 195 K. The separation between these two peaks appears to increase with the in-
creasing density of the mixture. It may be mentioned here that the components Qp(3), 
QR(3), Sp(1), and SR(1) for the H2- Ne mixtures at room temperature were first ob-
served by Reddy and Lee (11). In the profiles at 77 K, the S(O) and S(l) lines are well 
pronounced and no splitting is observed for these. The peaks of the S(O) and S(1) lines 
occur respectively about 5 and 10 cm- 1 higher than the position of the S (0) and S (2) 
Raman lines. These peaks correspond to the high frequency components S R (O) and 
SR(1). The low frequency components Sp(O) and Sp(1) are too weak to be observed. 
This is because the intensity of a line falls off more rapidly on the low frequency side 
than on the high frquency side as the temperature of the mixture is lowered. 
Discussion 
At higher temperatures when the translational energy of the colliding pairs is large, 
the duration of collisions is sn~all so that the lines are broad. Since the duration is larger 
at lower temperatures, the lines are, in general, sharper. This effect of low temperature 
on the spectra is clearly seen in the profiles of 77 K (Figs. 1 and 2). The occurrence of the 
dip in the Q branch was shown by Van Kranendonk (28) to be an interference effect 
due to negative correlations existing between the overlap dipole mon~ents in successive 
collisions. The splitting of the S(O) and S(1) lines in H 2- He and H 2- Ne mixtures into 
Sp and SR components indicates that there is a considerable amount of contribution of 
the anisotropy of the overlap moment to the intensity of the so-called "quadrupolar" 
S(O) and S(1) lines. 
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Absorption Coefficients 
The values of fa en(v)dv (cm- 2) obtained for the profiles of the enhancement of ab-
sorption of the band in H 2- He and H 2- Ne mixtures at all the experimental temperatures 
were found to satisfy the relation 
(4) 
where Pa and Pb are the partial densities of hydrogen and the perturbing gas in a mixture, 
respectively, and a1b and a2b are the binary and ternary absorption coefficients, re-
spectively. Plots of (1 / PaPb)faen(v)dv versus Pb for H2- He and H2- Ne are shown in 
Figs. 3 and 4, respectively. The intercepts and the slopes of the straight lines obtained 
give the binary and ternary absorption coefficients, respectively. The values of these 
coefficients obtained by a least-square fit of the experimental data are given in Table II. 
It is noted that the ternary absorption coefficients for H 2- He and H 2- N e are very small 
compared to their binary absorption coefficients. Therefore, most of the intensity of the 
induced absorption in these n"lixtures at moderate densities arises from the binary 
collisions. For the purpose of comparison with the theory the integrated absorption 
coefficients can be represented by the expression 
(5) 
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TABLE II 
ABSORPTION COEFFICIENTS OF THE INDUCED FUNDAMENTAL BAND OF 
Mixture 
H r He 
H z-He 
H z-He 
Hz- He 
H 2-Ne 
H2- Ne 
H 2-Ne 
H 2-Ne 
Temper-
ature 
(K) 
298 
273 
195 
77 
298 
273 
195 
77 
H z IN H z-He AND H z-N e MIXTUREs a. 
Binary absorption coefficient 
a1b 
tXlb ( lo-a cm-z 
amagaC2) ( lo- as cms s- I) 
2.08 ± 0.06 1.99 ± 0 .06 
1.61 ± 0.02 1.54 ± 0.02 
1.43 ± 0.03 1.36 ± 0.03 
0.51 ± 0.02 0.49 ± 0.02 
2.51 ± 0.03 2.40 ± 0.03 
2.16 ± 0.06 2.07 ± 0.06 
1.92 ± 0.04 1.82 ± 0.04 
0.94 ± 0.05 0.89 ± 0.05 
a. Errors are standard deviations from the linear least-square :fits. 
Ternary absorption 
coefficient 
azb 
(lo-s cm-2 amagat-3) 
-1.40 ± 0.64 
1.61 ± 0 . 15 
-0.96 ± 0 .22 
0.11 ± 0.05 
0.02 ± 0.52 
1.07 ± 0.99 
-0.81 ± 0.37 
-0.03 ± 0.14 
where cis the speed of light, &en (v) = a en (v) / v and no is Loschmidt's number (number 
of molecules per cm3 at STP: 2.687 X 101 9 cm-3). The experimental absorption co-
efficients a 1 b (cm-2 an1.agat-2) and a 2 b (cm-2 amagat- 3) are related to the new coefficients 
alb (cm6 s- 1) and a2b (cm9 s- 1), respectively, by 
(6) 
where ii, the effective band center, is given by 
(7) 
The new binary and ternary coefficients a1b and a2b represent the transition probabili-
ties induced in collisions of types a-b and b-a-b, respectively. The average values of ii 
for H 2- He and H 2- Ne at 298, 273, 195, and 77 K are 4335, 4388, 4354, and 4373 cm-1, 
respectively. The values of a1 b (cm6 s- 1) for H 2- He and H2- N e are also included in 
Table II. 
The values of the binary absorption coefficients in H 2- He at 298 and 195 K obtained 
in the present work are considerably higher, and that at 77 K is considerably lower than 
the corresponding values obtained by earlier researchers [Refs. (7, 9, 10)]. To check 
the consistency of the experimental results of the present work, we measured the 
absorption of the induced fundamental band of H2 in the pure gas at room temperature 
and obtained a value of (2.44 ± 0.02) X 10-3 cm-2 amagat-2 for the binary absorption 
coefficient which was in close agreement with the values obtained in Refs. (9, 10, 7). The 
discrepancy between the values obtained in the present work and those obtained by 
the earlier researchers for H 2- He may be attributed to the following facts: The earlier 
researchers might have experienced considerable uncertainty in determining the ab-
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sorption in the wings of the spectra and the values given by them were obtained from 
measurements at relatively much higher pressures than those in the present work. 
OVERLAP PARAMETERS OF THE COLLIDING PAIRS H z-He AND H z-Ne 
Theoretical Expressions Applicable to the Experimental Results 
According to the theory of the collision-induced fundamental infrared absorption 
band of symmetric diatomic gases (6), the binary absorption coefficient &1b of a binary 
mixture of a symmetric diatomic gas with a monatomic perturbing gas (zero quadrupole 
moment) can be expressed as a sum of two terms, one (A.2 I')/) due to the contribution 
from the short-range electron overlap interaction and the other [ ( Q{ a2/ eu4) 2J')/] due 
to the long-range quadrupolar induction. Thus, 
(8) 
The parameters A., Q1', a2, e and u in Eq. (8) have already been defined in the introduc-
tion. ')/ is given by 
(9) 
where m 0 and v 0 are the reduced mass and the frequency of oscillation (in s-1), respec-
tively, of the absorbing molecule. 'I'he dimensionless definite integrals 
I = 411" f.~ exp[- 2 (x - l)o/ p]g0 (x)x2dx (10) 
and 
(11) 
where x = R* = R / u, R being the intermolecular separation and g 0 (x) is the low density 
limit of the pair distribution function. At higher temperatures, g0 (x) is equal to the 
classical value, exp[- V (x)/ kT]. At intermediate temperatures, g 0 (x) may be expanded 
as an asy mptotic series in powers of Planck's constant h. The resulting expressions for 
I and J are 
I = I c1 - A*2IC2) + A*4IC4) + ... , 
and 
J = J c1 _ A*4J C2) + A*4J C4) + ... , 
where 1<2) 1<4) j (2) and J C4) are the quantum corrections and 
' ' ' ' 
(12) 
(13) 
(14) 
is the reduced mean de Broglie wavelength. Here m 00 is the reduced mass of the colliding 
pairs of molecules and e is the depth of the Lennard- Jones intermolecular potential. 
Calculation of the Quadrupolar Parts (&lbquad) of the Binary Absorption Coefficients 
Recent theoretical calculations of Karl and Poll (12) and Birnbaum and Poll (13) 
indicate that the matrix elements of the quadrupole moment between different vibra-
tional states of H2, (vJ l Q l v' J') , are sensitive to the values of J and J'. Consequently, 
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TABLE III 
MOLECULAR CONSTANTS FOR H 2-He AND H 2-N e MIXTURES 
T t=/k -y a 2/ao
3 
Mixture 
(j T* (1o- a2 cm6 (for per- A* J (K) (K) (.A) s- I) turber) 
H 2-He 298 19.35 2.757 15.3 4.772 1.4 2.215 15.27 
H 2-He 273 19.35 2.757 14.0 4.772 1.4 2.215 14.78 
H2- He 195 19.35 2.757 10.00 4.772 1.4 2.215 13.48 
H 2-He 77 19.35 2.757 3.96 4.772 1.4 2.215 11.22 
H 2-Ne 298 36.15 2.854 8.21 5.293 2.7 1.337 13.15 
H 2-Ne 273 36.15 2.854 7.52 5.293 2.7 1.337 12.91 
H 2-Ne 195 36.15 2.854 5.37 5 .293 2.7 1.337 12.10 
H 2-Ne 77 36.15 2.854 2.12 5.293 2.7 1.337 11.50 
Q' in Eq. (8) is no longer constant. Its values for different transitions in the fundamental 
band of hydrogen are given by the approximate relation 
1 
Q'= (OJ IQ I1J') . 
r e(B/ w) t 
(15) 
The values of Q' were obtained from the matrix elements (OJ I Q I 1J') listed by Birn-
baum and Poll (13) and using r e = 1.40108 a 0 , B = 60.9 cm- r, and w = 4162 cm- 1 • 
Since Q' is different for different transitions of the fundamental band of H2, the 
binary absorption coefficients of the individual quadrupolar components were calculated 
first and the total quadrupolar binary absorption coefficient &1bquad was then obtained 
from their sum. The details of the calculations are given later. The molecular parameters 
used in the calculations are listed in Table III. Values of the depth of the Lennard-
Janes potential and those of the Lennard- Jones diameter u were taken from Hirsch-
felder, Curtiss, and Bird (29). For the mixtures, the geometric mean of the values of E: 
and the arithmetic mean of the values of u of the component gases were taken. The de 
Broglie wavelengths A* were calculated from Eq. (14). The integral J at different 
reduced temperatures T*( =kT/ E:) up to a value of 10 were taken from Van Kranendonk 
and Kiss (30). ForT* greater than 10, J c1 was evaluated using a computer program on 
IBM 360. In calculating J, the quantum corrections J<2) and J<4) mentioned in Eq. (13) 
were applied to the classical values of J c l· The polarizabilities, a 2, of helium and neon 
were taken from Ref. (29). 
The values of the binary absorption coefficients of the individual quadrupolar com-
ponents of the fundamental band of H 2 were obtained from the expression 
Here 
~(1/r7!(.B/w)jJOJ I Q I1J') ]'2. lXlbquad[B(J)] = a2 P(J)L2(J, J')J-y. eu4 
gT exp[- J(J + 1)Bohc/ kT] 
P(J) = ------------------------
L gTgJ exp[- J(J + 1)Bohc/ kT] 
J 
(16) 
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are the normalized Boltzmann factors, normalized in terms of the Racah coefficients 
L 2 (J, J') such that L (2J + 1)P(J) = 1, 
J 
and g T ( = 2 T + 1) is the degeneracy due to nuclear spin and gJ ( = 2J + 1) is the 
degeneracy of a rotational state J. For H 2, gr is 1 and 3 for the even and odd rotational 
states. For O(J), QQ(J), and S(J), the Racah coefficients L2(J, J') are L2(J, J- 2), 
L 2(J, J), and L 2(J, J + 2), respectively. The sum 'l:.J,B(J) a1b[B(J)] gives the total 
quadrupolar binary absorption coefficient a1bquad· The experimental values of the binary 
absorption coefficients a1 b (in units of cm6 s-1) and the calculated values of a1bquad are 
listed in Table IV. The overlap parts \ 2I)i were obtained by subtracting a1bquad from 
the corresponding a1 b and are given in the same table. The percentage contributions of 
the quadrupolar and overlap parts to the binary absorption coefficient are also listed 
in the same table. It is seen that in the temperature range 77-298 K the overlap parts 
contribute 91 to 97% for H2-He mixtures and 84-93% for H 2-N e mixtures. 
Determination of the O·verlap Parameters for H 2-He and H 2-.~.-Ve Pairs 
Using the values of )i given in Table III the values of \ 2I for H 2- He and H2-N e were 
obtained from the overlap parts and were then plotted against temperature T in Figs. 
5 and 6, respectively. The integral I given by Eq. (10) depends on the factor a/ p, the 
ratio of the Lennard-Jones diameter of a colliding pair of molecules and the range of 
the overlap moment. A study of the variation of \ 2I in H 2- He and H 2-N e n1ixtures as 
a function of temperature enables us to determine the most probable values of a/ p 
for these mixtures. In order to determine the value of pj a- for each of the mixtures the 
following procedure was adopted. The values of I cl were calculated from Eq. (10) by 
means of a computer program written for the IBJ\!I 360 computer for a series of values of 
pj a- in the range 0.080-0.140 at intervals of 0.002 at reduced temperatures T* in the 
range 0.5-20.0 at intervals of 0.5. To obtain appropriate values of I, quantum correc-
TABLE IV 
QuADRUPOLAR AND OVERLAP PARTS OF THE BINARY ABSORPTION COEFFICIENTS 
Binary Calculated Overlap Temper- absorption quadru- Percentage 
Mixture ature coefficient polar part part (l0-35 cm6 (K) (10-35 cm6 (lo-35 cm6 s-1) Quad. Overlap 
s-1) s-1) 
Hz-He 298 1.99 0.06 1.93 3.0 97.0 
Hz-He 273 1.54 0.06 1.48 3.9 96.1 
Hz-He 195 1.36 0.05 1.31 3.9 96.1 
Hz-He 77 0.49 0.04 0.45 9.1 90.9 
Hz-Ne 298 2.40 0.16 2.24 6.7 93.3 
Hz-Ne 273 2.07 0.16 1.91 7.7 92.3 
Hz-Ne 195 1.82 0.15 1.67 8.2 91.8 
Hz-Ne 77 0.89 0.14 0.75 15.7 84.3 
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tions 1<2) and 1<4) were applied [Eq. (12)]. These quantum corrections were either directly 
obtained or extrapolated from the data given by Van Kranendonk and Kiss (8). For one 
particular value of pj cr, A was calculated from A21 at one of the experimental temperatures 
using the corresponding value of I. Assuming A~ to be independent of ten1.perature, A21's 
were calculated at the other three experimental temperatures. This procedure was re-
peated until the calculated values of A21 at all the experimental temperatures agreed 
closely with the observed values. The criterion for the best fit of the curves between 
A21 and T was that the sum of the squares of the deviations of the calculated values of 
A21 from the corresponding observed values be a minimum. The temperature dependence 
of the experimental and calculated values of A21 is shown for H2-He and H2- N e in 
Figs. 5 and 6, respectively. The values of pj cr, p, A, and 1-L (cr) for H 2- He and H2- N e 
evaluated in the present work are given in Table V. For the purpose of comparison the 
values of pj cr and p for H2- He obtained by Sears (30) by an analysis of the collision-
induced fundamental band of H 2 in H 2- He n1.ixtures in terms of force autocorrelation 
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FrG. 6. Variation of :\21 with temperature for H 2- Ne mixtures. 
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TABLE V 
OVERLAP PARAMETERS FOR VARIOUS GAS MIXTURES 
pju "A u p J.L(u) Reference Mixture (A) (A) (lo-a eao) 
HrHe 0.088 5.6 X lo-a 2.757 0.24 29.2 Present work 
H2-Ne 0.100 9.0 X lo-a 2.854 0.29 48.5 Present work 
H2-H2 0.126 (8) 
H2-He 0.087 2.75 0.24 (30) 
He-Ar 0.110 3.0 0.33 4.5 (31) 
Ne-Ar 0.092 3.1 0.29 5.9 (31) 
function, and for He- Ar and Ne- Ar also obtained by Sears (31) by an analysis of their 
collision-induced translational absorption are also included in the same table. The value 
of pj cr for H 2-He obtained in the present work is in good agreement with that of Sears 
(30). 
A brief comment must be made on the errors involved in calculating the quadrupolar 
part of the binary absorption coefficients using the molecular parameters of the collid-
ing pairs of molecules. The major error lies in the uncertainty of the values of cr of the 
colliding pairs since it occurs in the fifth power in the expression for the binary absorp-
tion coefficient. The numerical calculations have shown that the quadrupolar part of 
the binary absorption coefficients varies from 3% for H2-He at 298 K to 16% for H2-N e 
at 77 K. For the sake of argument, even if we assume an uncertainty as large as 25% 
in the calculation of quadrupolar parts, the percentage error in the overlap parts will 
not be very high; these are less than 1% for H2-He at 298 K and about 5% for H2-N e 
at 77 K. 
Another method of estimating the qudrupolar and overlap parts of the binary absorp-
tion coefficient for the given binary mixture is by the method of profile analysis. In this 
method there is no need to use the molecular parameters of the component gases except 
the relative strengths of the individual lines of the fundamental band of hydrogen. 
However, for the H2- He and H 2- N e mixtures, particularly at higher temperatures, even 
the method of profile analysis may not yield more accurate values of the quadrupolar 
part because the contribution of the overlap parts extends almost to the entire region 
of the fundamental band. 
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Pressure-induced rotational-vibrational U transitions (D.J =4) of hydrogen gas have 
been observed for the first time at 195 K for densities in the range 180-300 amagat. 
The spectrum is interpreted in terms of a hexadecapolar induction mechanism, and from 
the experimental integrated absorption coefficient of the U(1} line, rough values are ob-
tained for the hydrogen-molecule hexadecapolar moment and its derivative. 
We report here the first spectroscopic observa-
;ons of molecular U(J) rotational transitions in 
L~2 corresponding to the selection rule D.J = 4. The 
U(1) line (J=1-5) has been observed in the funda-
mental rotational-vibrational (near -infrared) 
band and the integrated absorption coefficient has 
been obtained. An analysis is given below in 
terms of hexadecapolar induction. 
In Fig. 1 is shown the near-infrared spectrum 
n the region 5550-5900 em -1 taken at a tempera-
. ure of 195 Kanda density of 300 amagat, togeth-
er with the computed S-branch (t:.J= 2) and Q-
branch ( AJ = 0) contributions following Mac Tag-
-:art and Welsh. 1 The peak of the observed fea-
mre is shifted by about 50 em -1 towards higher 
frequencies from the calculated position of the 
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U(1) line for the free molecule. From spectra 
such as that of Fig. 1 recorded over the density 
range 180-300 amagat, we have obtained the in-
tegrated absorption coefficient 0: = fA( v) d v (as de 
fined by Van Kranendonk2 ) as a function of the 
density p. In Fig. 2 where we have plotted the ex-
perimental a/p against P, it is apparent that a 
good fit is obtained for a straight line passing 
through the origin confirming that the line arises 
from a binary-collision mechanism . 
The theory of the integrated absorption coeffi-
cient 0: has been developed in general by Van 
Kranendonk2 and in detail for higher-multipolar 
induction by Gray. 3 For the hexadecapolar-in-
duced U(J) lines we find that the binary absorp-
tion COefficient aH defined by the density expan-
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a 1(U(J))= 10K<Y-9 I 12 (T)p .T(T)C(J 4 J + 4; 0 0 0)2 ( (<I>'Za)2 + (<I>Za')2 ], (1) 
where K= (41T3/3h), l=- (11R -ReiD)= (h/8·rr2 mv0 ) 112 
is the v = 0- 1 vibrational matrix element with v0 
the vibrational frequency, C(J 4 J + 4; 0 0 0) a 
Clebsch-Gordan coefficient, a the Lennard-Janes 
diameter, a the mean molecular polarizability, 
and a' its derivative with respect to internuclear 
separation R. The quantity 
(2) 
is the normalized Boltzmann factor for the level 
J, and <1>' is the derivative of the molecular hexa-
decapole moment <1>, defined by 
(3) 
where p(r) is the total charge density of the mole-
cule. The quantity / 12 (T) is a dimensionless inte-
30.---~-------.--------.--------. 
·x105 
Normal Hydrogen 
jJ =300 Amagat T·195K 
Path length= 250cm. 
Frequency em_, 
FIG. 1. High-frequency wing of the spectrum of pure 
normal hydrogen. The dashed curve shows the sum of 
all D..J = 0, 1 transitions. The difference of the two 
curves is shown at the bottom. The triangles indicate 
the frequencies of the U1(1) and Q 1(1) + U0(1) transitions 
calculated from the molecular constants of the free 
molecule. 
gral4 
112 (T) = 4rr J g 0 (x)x- 12x 2 dx, (4) 
where x =R/a, and g 0 (x) is the low-density limit 
of the pair correlation function. The term involv-
ing (<I>'la) in (1) corresponds to single transitions 
in which one molecule of the colliding pair makes 
both the vibrational and rotational jump, while 
the term involving (<I>Za') corresponds to double 
transitions in which one molecule makes a vibra-
tional and the other a rotational jump. The tri-
angles in Fig. 1 indicate the expected positions of 
these transitions. 
From Fig. 2 we obtain the experimental value 
al(U(l))= (0. 78 X 10- 10 ± 20%) em -I amagat - 2 . Since 
Eq. (1) depends on both <1> and 4> 1 , one of these 
must be known before the other can be obtained 
from the single experiment. 
Previously, Gush and Van Kranendonk5 invoked 
the intermolecular quadrupole-hexadecapolar in-
teraction in solid hydrogen with a value <I>= 1. 2ea0 4 , 
to explain the observed fine structure of the sl (0) 
line. A rough theoretical estimate, based on a 
point-charge model constructed to give the known 
quadrupole moment Q = 0.46ea0 2 , leads to <I> 
= 0. 34ea04 • A recent theoretical calculation6 using 
the Heitler-London-Wang wave function to obtain 
p("r) in (3), gives 4>=0.1ea0 4 and 4> 1 =0.2ea0 3 • As-
suming the hexadecapolar-induction mechanism 
dominates and using Eq. (1), we obtain from the 
experimental spectrum upper limits for 4l and 4l 1 
of I <I> I= 0. 59ea04 and I <I> 1 I= 0.47ea0 3 • From the 
100 200 300 
Density [Amagat] 
FIG. 2. Variation of transitions probability per unit 
density with density for pure normal hydrogen at 195 K. 
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fact that the peak of the experimental spectrum 
(Fig. 1) falls midway between the single- and 
double-transition frequencies, and from previous 
results on the quadrupole-induced lines, 7 we ex-
pect the single and double transitions to contrib-
ute roughly equal amounts to the spectrum of Fig. 
1. Assuming exactly equal contributions would 
give lci-1=0.42ea04 and lci-'I=0.33ea03 • 
Finally, we mention other possible induction 
mechanisms, in addition to the hexadecapolar 
mechanism. The quadrupole-induced double tran-
sitions S0 (1)+SI(3), SI(1)+S0 (3), and S0 (2)+SI(2), 
which fall within the linewidth of Fig. 1, can be 
ruled out. To do this the group of double-S tran-
sitions near 5300 em -I (outside Fig. 1) were ob-
served8 and their intensity compared with the ex-
pected intensity of the double-S transitions in 
question; the latter is expected to be about 5% of 
the intensity of the lines near 5300 em -I. Since 
the observed peak of Fig. 1 is about 50% of the 
intensity of the 5300 em -I lines, we see that the 
double-S transition mechanism fails, by an or-
der of magnitude, to explain the observed peak. 
Rough estimates of the dispersion and overlap 
mechanisms indicate that they too are small. 
The ''level-mixing" mechanism of Herman9 is 
estimated to be of importance here only if ell is of 
order 0. 1ea0 4 or less. 
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Work is now in progress to obtain accurate ab-
sorption coefficient for the pure rotationhl. lines 
of H2 , and the lines of H2 -rare-gas mixtures. 
An analysis of all these experiments together 
should yield more accurate values for both I el-l 
and I cl-'1. 
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